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table  i-a.  swmart  op  data  for  SCRISITBG  RUN  CCP~5 


Catalyst:  Code  B  Fuel:  Propane 

Hot  Spot  1/T  x  10^  Exit  Oxygen  %  Oxygen  Oxygen 
entp«  (T)»  *K  *K~*  Cone..  4>  Vol.  Conversion  Oxygen 


wOxjrJn. 
■‘■“'rv™  rk.+  > 


563 

1.776 

3.27 

0.0 

1.000 

0.000 

599 

1.670 

2.32 

29.1 

1.410 

0.344 

663  ' 

1.510 

1.86 

43.2 

1.759 

0.565 

782 

1.280 

1.06 

67.6 

3.080 

1.124 

052 

1.173 

0.1*7 

85.7 

6.950 

1.940 

867 

1.152 

0.25 

92.5 

13.100 

2.570 

TABLE  II -A.  SUMMARY  OF  DATA  FOR  SCREENING  RUN  CCP-6 


Catalyst:  Code  A 


Hot  Spot 


1/T  xlO3 

•it1 


Exit  Oxygen 
Cone.,  %  Vol. 


Fuel:  Propane 

%  Oxygen  Ox 
Conversion  Ox 


wMJL) 

***  fhrv  0»l+/ 


577 

1.732 

3.00 

0.0 

1.000 

0.000 

682 

1.467 

2.55 

15.0 

1.176 

0.162 

726 

1.378 

2.14 

28.7 

1.400 

0.336 

783 

1.278 

1.55 

48.3 

1.935 

0.660 

833 

1.200 

1.33 

55.7 

2.260 

0.815 

868 

1.151 

1.09 

63.7 

2.750 

1.012 

1007 

0.995 

0.10 

96.7 

30.000 

3.400 

1023 

0.977 

0.00 

100.0 
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FIGURE  1-A.  CODE  E  CATALYST  -  EFFECT  OF  TEMPERATURE  ON  OXYGEN  CONVERSION 


TABIi  III-A.  SUMMARY  OF  DATA  FOR  SCREENING  RUN  CCP-7 


Hot  Spot 
Temp.  (T),  *K 

Catalyst i 

1/T  x  103 
•jr1 

Code  D 

Exit  Oxygen 
Cone.,  %  Vol. 

Fuel:  Prepane 

%  Oxygen  Oxygen  In 
Conversion  Oxygen  Out 

Qxy  Out1 

557 

1.793 

r.>.845 

0.0 

1.000 

0.007 

651 

1.447 

2.215 

22.2 

1.285 

0.251 

751 

1.288 

1.125 

60.5 

2.530 

0.929 

776 

1.248 

1.005 

64.6 

2.830 

1.041 

822 

1.216 

0.975 

69.3 

3.260 

1.180 

841 

1.189 

0.795 

72.0 

3.580 

1.275 

Hot  Spot 
Temp.  (T),  *1 

TABLE  IV- A.  SUMMARY  OF  DATA  FOR  SCREENING  RUN  CCP-9 

Catalyst:  Code  F  Fuel:  Propane 

l/T  x  103  Exit  Oxygen  %  Oxygen  Oxygen  In 

C  Cone.,  %  Vol.  Conversion  Oxygen  Out 

,  /Qxy  In  1 
^Oxy  Out' 

814 

1.230 

2.07 

0.0 

1.000 

0.000 

840 

1.190 

2.05 

1.0 

1.010 

0.093 

915 

1.092 

1.25 

39.6 

1.654 

0.503 

920 

1.088 

0.00 

61.5 

2.590 

0.986 

927 

1.079 

0.57 

72.5 

3.630 

1.290 

963 

1.039 

0.34 

83.6 

6.090 

1.808 

967 

1.033 

0.04 

98.0 

51.700 

3.940 

IB2 


EMPERATURE 


TABUS  V-A.  SIMMARY  OT  DATA  FOR  SCREESIBO  BUS  CCP-15 
Catalyst:  Coda  I  Fuel:  Propane 


Hot  Spot 
Temp.  (T),  *K 

1/T  x  103 

Exit  Oxygen 
Cone.,  %  Vol. 

i  Oxygen 
Conversion 

Oxygen  In 
Oxygen  Out 

U/9*2 LUL) 

^Oxy  Out' 

585 

1.715 

3.75 

0.0 

1.000 

0.000 

606 

1.650 

3.65 

2.7 

1.025 

0.024 

699 

1.430 

2.90 

22.7 

1.292 

0.256 

7  69 

1.300 

2.41 

35.7 

1.555 

0.441 

817 

1.223 

1.93 

48.6 

1.946 

0.665 

678 

1.140 

1.73 

54.0 

2.175 

0.777 

930 

1.075 

1.26 

61.5 

2.985 

1.093 

983 

1.018 

0.57 

84.7 

6.64 

1.894 

Hot  Spot 
Temp.  (T) 

•k 

TABIE  VI- A.  SUMMARY  OF  DATA  FOB 

Catalyst :  Code  J 

Exit  Oxygen 

1/T  x  103  Cone.,  %  Oxygen 

K"1  %  Vol.  Conversion 

1  SCREENING  RUN  CCP-17 

Fuel:  Propane 

Oxygen  In  ,j6xy  In> 

l  Carbon  Dioxide 
'  Cone.,  4  Vol. 

Oxygen  CXit 

Vxv  OutJ 

61 6 

1.622 

3.63 

0.0 

1.000 

0.000 

0.000 

673 

1.487 

3.25 

10.5 

1.117 

0.111 

700 

1.430 

3.10 

14.6 

1.170 

0.157 

0.040 

755 

1.324 

2.89 

20.4 

1.256 

0.228 

0.092 

841 

1.18? 

2.j4 

35.5 

1.550 

0.438 

0.175 

874 

1.144 

2.12 

41.6 

1.711 

0.538 

0.263 

893 

1.120 

1.93 

46.9 

1.880 

0.631 

0.263 

933 

1.071 

1.72 

52.6 

2.110 

0.746 

j 

946 

1.057 

1.60 

55.9 

2.270 

0.820 

0.474  I 

970 

1.030 

1.42 

60.9 

2.560 

0.964 

i 

0.533 

184 


FIGURE  3«A»  CODE  I  CATALYST-  EFFECT  OF  TEMPERATURE  OM  OXYGEN  CONVERSION 


PIGURC  4-A.  COOK  J  CATALYST  -  EFFECT  OF  TEMPERATURE  ON  OXYGEN  CONVERSION 


tabie  vii- a.  a»fttAsy  or  data  for  screoijm  bus  ccp-i8 

Catalyst:  Code  K  Fuel:  Propane 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 
•x-i 

Exit  Oxygen 
Cone . , 
t  Vol. 

£  Oxygen 
Conversion 

Oxygen  In 
Oxygen  CXit 

|  Carbon  Dioxide 
Cone.,  i,  Vol. 

722 

1.385 

3.75 

0.0 

1.000 

0.000 

0.000 

731 

1.368 

3.29 

12.3 

1.140 

0.131 

O.Q33 

773 

1.293 

3.0? 

18.1 

1.222 

0.201 

0.066 

806 

1.240 

2.89 

23.0 

1.300 

0.262 

0.079 

833 

1.200 

2.67 

28.8 

1.403 

0.339 

&71 

1.148 

2.41 

35.7 

1.555 

0.410 

0.247 

915 

1.093 

2.07 

44.8 

1.812 

0.595 

0.369 

975 

1.026 

1.51 

59.8 

2.482 

0.910 

0.625 

1005 

0.995 

1.21 

67.8 

3. IX 

1.132 

0.724 

1015 

0.985 

1.21 

67.8 

3.100 

1.132 

0.704 
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TABLE  VIII-A.  SUGARY  OF  DATA  FOR  SCREENING  RUN  CCP-19 
Catalyst:  Code  F  Fuel*  Propane 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 
•k-1 

Exit  Oxygen 
Cone., 
i  Vol. 

i  Oxygen 
Conversion 

Oxygen  In 
Oxygen  Out 

Carbon  Dioxide 
Cone.,  i  Vol. 

661 

1.512 

3.78 

0.0 

1.000 

0.000 

0.000 

r 

i 

J 

663 

1.510 

3.49 

7.7 

1.083 

0.060 

0.065 

i  ’ 

657 

1.521 

3.46 

8.5 

1.092 

0.088 

0.066 

j 

j 

676 

1.479 

3.33 

11.9 

1.136 

0.128 

0.365 

> 

712 

1.404 

2.97 

21.4 

1.272 

0.241 

743 

1.347 

2.81 

25.6 

1.345 

0.296 

0.395 

• 

784 

1.277 

2.30 

39.2 

1.643 

0.497 

0.790 

» 

825 

1.212 

1.74 

54.0 

2.17 

0.777 

075 

1.142 

0.90 

76.2 

4.20 

1.434 

892 

1.120 

0.55 

85.5 

6.87 

1.928 

1.610 

992 

1.008 

0.22 

94.1 

17.20 

2.847 

1.810 

’  • 

998 

1.001 

0.21 

9“.4 

18.00 

2.892 

» 

t 

s 

1027 

0.975 

0.20 

94.7 

18.90 

2.940 

1.875 

1 

if 

I 

4 
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TABIC  EC- A.  SUbtASY  OP  DATA  PC*  8CB2E5EW  HJH  CCP-20 
Catalyat:  Cod®  B  Pu®1j  Propane 


Hot  Spot 
T«P.  (T> 
*K 

l/r  x  io3 

•k-i 

Sxit  Oxygen 
Cone., 

1  Vol. 

Carbon  Dioxide 
Cone.,  %  Vol. 

502 

1.990 

3.74 

0.0 

1.000 

0.000 

0.000 

6X0 

1.661 

3.65 

2.4 

1.025 

0.025 

664 

1.508 

3.53 

5.6 

1.059 

0.057 

0.059 

686 

1.458 

3.45 

7.8 

1.084 

0.081 

0.086 

729 

1.371 

3.15 

15.8 

1.188 

0.172 

0.197 

778 

I.285 

2.86 

23.5 

1.308 

0.269 

0.460 

804 

1.246 

2.51 

32.9 

1.490 

0.399 

840 

1.190 

2.20 

41.2 

1.700 

0.531 

0.855 

871 

1.148 

2.00 

46.5 

1.870 

0.626 

841 

1.189 

2.32 

38.0 

1.611 

0.478 

0.526 

GL6 

1.225 

2.42 

35.3 

1.545 

0.435 

0.559 

863 

1.160 

2.00 

46.5 

1.870 

0.626 

0.889 
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FIGURE  S-A.  CODE  8  CATALYST  -  EFFECT  OF  TEMPERATURE  ON  OXYGEN  CONVERSION 


XABX2  X-A.  SUMMARY  OF  DATA  FOR  SCRZEflBO  RUB  JT-9 
Cr.talystj  Cod*  t  Fuel  I  JP-7 


Hot  Spot 
Temp.  (T) 

•k 

1/Tx  103 
•k-1 

Exit  Oxygen 
Ccoc.f 
i  voi. 

%  Oxygen 
Cm  version 

Oxygen  In 
Oxygen  Out 

ugaOBjv 

\)xy  Out/ 

Carbon  Dioxide 
Cone.,  %  Vol. 

580 

1.722 

3»75 

0.0 

1.000 

0.000 

0.000 

592 

1.689 

3.70 

1.3 

1.032 

0.012 

617 

1.620 

3.61 

3.7 

1.040 

0.039 

641 

1.560 

3.53 

5.9 

1.062 

0.060 

664 

1.509 

3.45 

8.0 

1.0&7 

0.084 

0.053 

711 

1.407 

3.29 

12.3 

1.140 

0.131 

0.366 

744 

1.343 

3.13 

36.5 

1.199 

0.182 

0.263 

786 

1.271 

2.94 

21.6 

1.275 

0.243 

0.408 

816 

1.224 

2.76 

26.4 

1.360 

0.308 

0.494 

859 

1.365 

2.70 

28.0 

1.390 

0.330 

0.592 

875 

1.142 

2.61 

30.4 

1.436 

0.362 

0.658 

j 

i 

i 

< 

5 

I 

i 

i 


s 
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TABLE  XI-A.  SUMMARY  OF  DATA  FOR  SCREENING  RUN  CCP-27 
Catalyst:  Code  M  Fuel:  Propane 


Hot  Spot 
Temp.  (T) 

•k 

i/t  *  103 

•k-i 

Exit  Oxygen 
Cone 
i  voi. 

%  Oxygen 
Cot vers ion 

Oxygen  In 
Oxygen  Out 

,  Carbon  Dioxide 
Cone.*  i,  Vol. 

64  0 

1.561 

3.73 

0.0 

1.000 

0.000 

0.000 

66k 

1.508 

3.70 

0.8 

1.008 

0.008 

0.033 

666 

1.451 

3.67 

1.6 

1.017 

0.017 

702 

1.424 

3.60 

3.5 

1.037 

0.036 

0.0*46 

729 

1.371 

3.52 

5.6 

1.060 

0.058 

0.099 

731 

1.369 

3.48 

6.7 

1.072 

0.070 

739 

1.352 

3.43 

8.1 

1.089 

0.085 

0.132 

770 

1.300 

3.28 

12.1 

1.138 

0.129 

0.224 

796 

1.256 

3.06 

18.0 

1.220 

0.199 

0.335 

817 

1.223 

2.90 

22.2 

1.287 

0.254 

829 

1.208 

2.80 

24.9 

1.332 

0.287 

0.480 

852 

1.172 

2.60 

30.3 

1.434 

0.360 

854 

1.170 

2.59 

30.6 

1.440 

0.365 

0.502 

875 

1.141 

2.42 

35.2 

1.540 

0.432 

0.658 

878 

1.140 

2.41 

35.4 

1.548 

0.437 

; 

i 


i 

■? 

i 

i 

j 

i 
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TABLE  XI I -A.  SUMMARY  OF  DATA  FOR  SPACE  VELOCITY  STUDY,  RUN  CCP-24 
Catalyst:  Code  7  Fuel:  Propane 


Hot  Spot 
Temp.  (T) 
°K 

1/T  x  103 
•k-i 

Exit  Oxygen 
Cone . , 
i  Vol. 

£  Oxygen 
Conversion 

Oxygen  In 
Oxygen  Out 

,/Oxy  In  > 
\)xy  Out> 

,  Carbon  Dioxide 
'  Cone.,  %  Vol. 

503 

1.988 

3.49 

0.0 

1.000 

0.000 

0.000 

50? 

1.971 

3.42 

2.0 

1.020 

0.020 

518 

1.930 

3.32 

4.9 

1.050 

0.049 

544 

1.840 

3.26 

6.6 

1.070 

0.068 

0.033 

580 

1.723 

3.15 

9.8 

1.108 

0.103 

607 

1.648 

2.e7 

17.8 

1.217 

0.197 

0.247 

6L7 

1.546 

2.47 

29.2 

1.413 

0.346 

0.408 

664 

1.509 

2.24 

35.8 

1.560 

0.445 

721 

1.387 

1.60 

54.1 

2.180 

0.780 

0.987 

777 

1.288 

0.97 

72.2 

3.600 

1.280 

799 

1.251 

0.80 

77.1 

4.365 

1.474 

1.670 

826 

1.210 

0.70 

80.0 

4.990 

1.608 

843 

1.187 

0.64 

81.6 

5.450 

1.697 

1.718 

854 

1.171 

0.63 

82.0 

5.540 

1.710 

868 

1.151 

0.53 

84.8 

6.590 

1.885 

1.585 
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IABM  XHI-A.  SU4MARY  OF  DATA  FOR  SPACE  VELOCITY  STUDY,  HUN  CCP-22 
Catalyats  Code  F  Fuels  Propane 


Hot  Spot 
leap.  (T) 
*K 

1/T  x  103 

•k-i 

Exit  Oxygen 
Cone., 
i  Vol. 

1>  Oxygen 
Conversion 

Esnsi 

ft*.! 

,_/>xv  In  \ 
Out' 

Carbon  Dioxide 

676 

1.480 

3.78 

0.0 

1.000 

0.000 

0.000 

70U 

1.421 

2.03 

1*6.3 

1.860 

0.620 

0.296 

791 

1.262 

1.70 

55.0 

2.220 

0.797 

069 

1.150 

0.56 

85.3 

6.750 

1.910 

1.612 

9?7 

1.080 

0.U6 

97.9 

8.220 

2.110 

978 

1.022 

0.U2 

88.9 

9.000 

2.200 

2.050 

1011 

0.989 

O.UO 

89.5 

9.450 

2.380 

1.920 

1014 

0.985 

0.31  ■ 

91.8 

12.200 

2.500 

2.1U0 

TABLE  XIV-A.  SUMMARY  OF  DATA  FOR  SPACE  VELOCITY  STUDY,  RUN  CCP-8 
Catalyst :  Code  A  Fuel:  Propane 


Hot  Spot 


1/T  xlO3 

•it1 


Exit  Oxygen 
Cone..  %  Vol. 


i.  Oxygen 
Conversion 


ijs2sU*L.) 

Ort* 


6U5 

1.550 

2.92 

0.0 

1.000 

0.000 

667 

1.500 

2.71 

7.4 

1.078 

0.075 

730 

1.370 

2.26 

22.6 

1.291 

0.255 

817 

1.224 

1.60 

45.3 

1.823 

0.621 

941* 

1.060 

0.52 

82.2 

5.610 

1.725 

9 66 

1.035 

0.38 

&7.0 

7.690 

2.040 

979 

1.021 

0.24 

91.8 

12.170 

2.500 
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TABLE  XV- A.  SUMMARY  OF  DATA  FOR  SPACE  VELOCITY  STUDY,  RUIt  CCP-23 
Catalyst:  Cods  A  Fuel:  Propans 

Hot  Spot  Exit  Oxygen 

Temp.  (T)  l/T  x  103  Cone.,  %  Oxygen  Oxygen  In  ./bey  Ins  Carbon  Dioxide 

*K _  *K“1  %  Vol.  Conversion  Oxygen  Out  v)xy  Out/  Cone.,  4>  Vol. 


U88 

2.050 

3.70 

0.0 

1.000 

0.000 

0.000 

586 

1.705 

3.54 

4.3 

1.045 

0.044 

6Ul 

1.560 

3.22 

13.0 

1.150 

0.140 

697 

1.1*34 

2.88 

22.2 

1.285 

0.251 

0.447 

71 *6 

1.340 

2.35 

36.5 

1.573 

0.456 

809 

1.238 

1.72 

53.5 

2.152 

0.768 

1.119 

946 

1.057 

0.42 

88.7 

8.805 

2.175 

987 

1.012 

0.19 

95.0 

19.500 

2.972 

1.843 

1006 

0.995 

0.11 

97.0 

33.620 

3.515 

1011* 

0.985 

0.10 

97.4 

37.000 

3.612 

1.875 

1018 

0.983 

0.06 

98.5 

61.700 

4.120 

I.850 

1026 

0.975 

0.03 

99.2 

123.300 

4.810 

1.836 

1029 

0.912 

0.02 

99.5 

I85.OOO 

5.220 

1.940 

1052 

0.950 

0.01 

99.8 

370.000 

5.91 

1.700 
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TABLE  XVI.  A  SUMMARY  OF  DATA  FOR  LISpID  FUEL  RUM  JT-2 
Catalysts  Code  A  Fuels  JP-7 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 

•K-l 

Exit  Oxygen 
Cone., 

*  Vol. 

%  Oxygen 
Conversion 

4 

S3 

s  s 

5]  oc 

ii 

Carbon  Dioxide 
Core.,  i  Vol. 

523 

1.910 

3.58 

0.0 

1.000 

0.000 

0.000 

575 

1.740 

3.45 

3.6 

1.038 

0.037 

591 

1.690 

3.33 

7.0 

1.0?fc 

0.073 

610 

1.640 

3.15 

12.0 

1.137 

0.128 

624 

1.602 

2.86 

20.1 

1.252 

0.225 

64o 

1.561 

2.65 

26.0 

1.350 

0.300 

688 

1.452 

1.83 

48.9 

1.958 

0.671 

728 

1.373 

1.60 

55.4 

2.240 

0.806 

1.198 

774 

1.292 

1.50 

58.1 

2.390 

0.872 

832 

1.200 

1.20 

66.5 

2.985 

1.093 

864 

1.160 

1.10 

69.3 

3.260 

1.180 

1.449 

876 

1.140 

1.00 

72.0 

3.580 

1.275 

925 

1.080 

0.80 

77.6 

4.475 

1.500 

1.670 

970 

1.030 

0.55 

81.9 

6.510 

1.873 

1019 

0.982 

0.27 

92.5 

13.260 

2.580 

1.&70 

1047 

0.955 

0.14 

96.1 

25.600 

3.240 

1057 

0.946 

0.10 

97.2 

35.800 

3.580 

2.040 

1064 

0,940 

0.09 

97.5 

39.800 

3.680 

2.054 

1066 

0.938 

0.09 

97.5 

39.800 

3.680 

1068 

0.936 

0.07 

98.0 

51.200 

3.940 

1.996 

i 

1 
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TABUS  XVI I- A.  SOMKASY  OP  DATA  FOR  LiqpID  FUEL  RUN  JT-4 
Catalyst :  Code  A  fuel:  JP-7 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 

•k-i 

Exit  Oxygen 
Cone., 
i  voi. 

%  Oxygen 
Conversion 

S3 

II 

II 

\)xy  Out/ 

Carbon  Dioxide 
Cone.,  %  Vol. 

573 

1.747 

3.58 

0.0 

1.0 

0.000 

0.000 

631 

1.584 

3.33  ' 

7.0 

1.076 

0.073 

0.165 

769 

1.300 

2.10 

41.4  - 

1.703 

0.532 

788 

1.270 

1.50  . 

58.1 

2.390 

0.&70 

820 

1.220 

1.20 

66.5 

2.980 

1.092 

855 

1.170 

O.85 

76.3 

4.210 

1.438 

885 

1.130 

0.68 

81.0 

5.270 

1.660 

913 

1.096 

0.50 

86.0 

7.160 

1.970 

0.987 

980 

1.020 

O.Ul 

88.5 

8.730 

2.170 

1.122 

1003 

0.996 

0.38 

•  89.5 

9.430 

2.240 

1009 

0.992 

0.28 

92.2 

12.800 

2.550 

1.083 

1022 

0.979 

0.20 

94.5 

17.900 

2.880 

1024 

0.976 

0.18 

95.0 

19.900 

2.990 

1.042 

1030 

0.970 

0.15 

•  95.8 

23.900 

3.170 

1039 

0.963 

0.11 

96.9 

32.600 

3.480 

0.969 

200 


! 


TABLE  XVIII-A.  SUMMARY  OF  DATA  FOR  LiqjID  FUEL  RUN  JT-5 


Catalyst:  Code  A  Fuel:  JF-7 


Not  Spot 
Temp.  (T) 

•k 

1/T  x  103 

•x-i 

Exit  Oxygen 
Cone.* 
i  voi. 

i  Oxygen 
Conversion 

Carbon  Dioxide 
Cone.,  f  Vol. 

510 

1.960 

4.0 

0.0 

1.000 

0.000 

0.000 

550 

1.790 

3.88 

3.0 

1.031 

0.036 

585 

1.710 

3.65 

8.8 

1.096 

0.092 

604 

1.658 

3.50 

12.5 

1.143 

0.134 

616 

1.621 

3.41 

14.8 

1.172 

0.159 

658 

1.520 

3.22 

19.5 

1.242 

0.217 

664 

1.508 

3.10 

22.5 

1.290 

0.255 

0.901 

691 

1.448 

2.84 

29.0 

1.410 

0.344 

723 

1.381 

2.55 

36.3 

1.570 

0.451 

744 

1.346 

2.40 

40.0 

1.667 

0.511 

0.920 

781 

1.280 

2.20 

45.0 

1.720 

0.543 

803 

1.246 

2.05 

48.8 

1.950 

0.669 

1.085 

850 

1.176 

1.84 

54.0 

2.175 

0.778 

876 

1.140 

1.60 

60.0 

2.500 

0.916 

938 

1.066 

1.32 

67.0 

3.030 

1.110 

965 

1.036 

1.20 

70.0 

3.335 

1.205 

997 

1.002 

1.08 

73.0 

3.700 

1.310 

1007 

0.995 

1.00 

75.0 

4.000 

1.387 

1.83 

1044 

0.957 

0.92 

77.0 

4.350 

1.470 

1063 

0.940 

0.75 

81.3 

5.335 

1.673 

1072 

0.931 

0.63 

84.3 

6.350 

1.850 

f 
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TABLE  XIX -A.  SUMMARY  OF  DATA  FOR  LiqpID  FUEL  RUlf  JT-6A 


Catalyit:  Coda  A  Fuel:  JP-7 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 
•k-i 

Exit  Oxygen 
Cone., 

It  Vol. 

i  Oxygen 
Conversion 

I3K33E3I 

Carbon  Dioxide 
Conc.>  %  Vol. 

546 

1.830 

2.76 

0.0 

1.000 

0.000 

0.000 

57 6 

1.735 

2.53 

8.3 

1.090 

0.086 

0.099 

599 

1.670 

2.49 

9.8 

1.110 

0.104 

612 

1.632 

2.40 

13.0 

1.150 

0.140 

0.197 

647 

1.546 

2.10 

23.9 

1.315 

0.274 

657 

1.521 

2.00 

27.6 

1.380 

0.322 

0.296 

699 

1.430 

1.90 

31.2 

1.452 

0.374 

735 

1.360 

1.75 

36.6 

1.579 

0.457 

0.592 

756 

1.320 

1.66 

39.9 

1.662 

0.508 

779 

I.283 

1.60 

U2.0 

1.725 

0.545 

805 

1.2U1 

1.48 

46.4 

1.866 

0.624 

0.658 

81*0 

1.190 

1.30 

53.0 

2.122 

0.754 

0.786 

850 

1.176 

1.25 

54.8 

2.210 

0.795 

0.942 

866 

1.154 

1.20 

56.5 

2.300 

0.834 

1.031* 

873 

1.147 

1.18 

57.3 

2.340 

0.850 
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FIGURE  10- A.  CODE  A  CATALYST  -  EFFECT  OF  TEMPERATURE  ON  OXYGEN  CONVERSION 
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TABIZ  XX-A.  SU>MARY  OF  DATA  FOR  LICPID  FUEL  RUlf  JT-6B 


Catalyst : 

Cede 

A  Fuel:  JP-7 

n 

y 

Hot  Spot 

1/T  x  10^  Exit  Oxygen  ^ 

Oxygen  Oxygen  In 

'emp.  (T), 

*K  •K“a 

Cone, 

,,  %  Vol.  Conversion  Oxygen  Out 

Oxy  Out ’ 

510 

1.960 

3.66 

0.0 

1.000 

0.000 

725 

1.380 

2.35 

35.8 

1.559 

0.444 

l 

752 

1.330 

2.20 

39.9 

1.664 

0.510 

i 

785 

1.273 

2.00 

45.4 

1.830 

0.605 

j 

8l6 

1.223 

1.80 

50.9 

2.033 

0.710 

850 

1.177 

1.60 

56.3 

2.288 

0.828 

; 

890 

1.122 

1.40 

61.8 

2.615 

0.960 

3 

908 

1.100 

1.30 

64.5 

2.815 

1.034 

i 

934 

1.071 

1.20 

67.2 

3.050 

1.116 

943 

1.060 

1.19 

67.5 

3.075 

1.123 

j 

TABLE  XXI -A 

.  SUMMARY  OF  DATA  FOR 

LI  CP  ID  FUEL 

RUN  JT-7 

Catalyst 

:  Code  A  Fuels  JP-7 

A 

Hot  Spot 

Exit  Oxygen 

Temp.  (T) 

•k 

1/T  x  HP 

•k-i 

Cone., 

*  Vol. 

>  Oxygen 
Conversion 

Oxygen  In 
Oxygen  Out 

1Oxy  In  %  Carbon  Dioxide 
vxy  Out'  Cone.,  K  Vol. 

> 

« 

538 

1.860 

4.04 

0.0 

1.000 

0.000 

0.000 

C 

595 

1.680 

3.50 

13.4 

1.153 

0.142 

i 

635 

1.375 

3.00 

25.8 

1.346 

0.297 

\ 

688 

1.452 

2.50 

38.2 

1.617 

0.481 

■i 

» 

723 

1.383 

1.90 

53.0 

2.125 

0.755 

817 

1.223 

1.10 

72.9 

3.670 

1.300 

j* 

875 

1.142 

0.60 

85.2 

6.740 

1.910 

1.998 

$ 

* 

j 

923 

1.082 

0.30 

92.6 

13.480 

2.600 

1 

i 

9 '*9 

1.053 

0.20 

95.2 

20.200 

3.005 

2.010 

■i 

t 

956 

1.046 

0.18 

95.6 

22.450 

3.110 

1.922 

IOO6 

0.995 

0.16 

96.1 

25.250 

3.230 

1.960 

CATALYST  -  EFFECT  OF  TEMPERATURE  ON  OXYGEN  CONVERSION 
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TABLE  XXII-A.  SUMMARY  OP  DATA  FOB  RUN  PIM-1A  WITH 
EXCESS  OXYGEN 

Catalyst:  Coda  A  Fuel:  Propane 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 

•k-i 

Exit  Oxyfjen 
Cone., 
i  voi. 

%  Oxygen 
Conversion 

Oxygen  In 
Oxygen  Out 

v>xy  Out* 

Carbon  Dioxide 
Cone.,  %  Vol. 

5U2 

1.842 

20.80 

0.00 

1.000 

0.000 

0.000 

578 

1.730 

20.75 

1.01 

1.002 

0.003 

628 

1.591 

20.60 

4.04 

1.010 

0.010 

0.053 

664 

1.508 

20.40 

8.08 

1.020 

0.020 

0.131 

687 

1.453 

20.20 

12.12 

1.030 

0.030 

711 

1.407 

20.00 

16.16 

1.040 

0.040 

784 

1.277 

19.40 

28.28 

1.072 

0.070 

824 

1.213 

19.00 

36.36 

1.094 

0.090 

1.210 

923 

1.083 

18.00 

56.56 

1.155 

0.144 

1005 

0.995 

17.50 

66.66 

1.189 

0.173 

1069 

0.935 

17.00 

76.76 

1.223 

0.202 

1123 

0.890 

16.40 

88.88 

1.269 

0.238 

3.220 
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TABLE  XXI 1 1- A.  SUMMARY  OF  DATA  FOR  RUN  FLM-13  WITH 
EXCESS  OXYGEN 

Catalyst:  Code  A  Fuel:  Propane 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 
•k-i 

Exit  Oxygen 
Cone . , 
i  voi. 

Oxygen 

Conversion 

Oxygen  In 

f  Carbon  Dioxide 

Cone.,  i>  Vol. 

Oxygen  Out 

t)xy  Out/ 

559 

1.790 

20.80 

0.00 

1.000 

0.000 

0.000 

t 

570 

1.752 

20.75 

1.01 

1.002 

0.003 

1 

591 

1.690 

20.70 

2.02 

1.005 

0.007 

J 

i 

! 

604 

I.658 

20.60 

4.04 

1.010 

0.010 

627 

1.593 

20.50 

6.06 

1.015 

0.015 

O.092 

643 

1.557 

20.U0 

8.08 

1.020 

0.020 

i 

i 

676 

1.479 

20.10 

14.14 

1.033 

0.032 

0.342 

724 

1.400 

19.60 

24.24 

1.061 

0.059 

775 

1.290 

18.90 

38.38 

1.100 

0.095 

857 

1.158 

17.90 

58.58 

1.161 

0.149 

944 

1.060 

17.00 

76.76 

1.223 

0.202 

982 

1.019 

16.50 

86.86 

1.260 

0.232 

1054 

0.950 

16.30 

90.90 

1.276 

0.244 

2.630  .  j 

1088 

0.920 

16.20 

92.92 

1.283 

0.250 

2.770  | 

i 

j 


i 

f 


I 


209 


TABI£  XXIV- A.  SUWMRY  OP  DATA  FOR  PROPAKE  RUH  CCP-26 
Catalyst:  Code  A 


Hot  Spot 
Temp.  (T) 

1/T  x  103 

Exit  Oxygen 
Cone., 

%  Oxygen 

1Oxy  In  v  Carbon  Dioxide 
*vxy  Out/  Cone.,  t  Vol. 

•k 

•k-i 

i  Vol. 

Conversion 

563 

1.715 

3.58 

0.0 

1.000 

0.000  0.000 

566 

1.705 

3.48 

2.8 

1.029 

0.029 

6l4 

1.630 

3.39 

5.3 

1.056 

O.055  0.072 

638 

1.570 

3.22 

10.1 

1.110 

0.105 

654 

1.530 

3.09 

13.7 

1.159 

0.148 

685 

1.460 

2.90 

19.0 

1.235 

0.211  0.434 

780 

1.280 

2.10 

41.4 

1.705 

0.534 

840 

1.190 

1.60 

55.3 

2.240 

0.806 

887 

1.130 

1.10 

69-3 

3.255 

1.180 

911 

1.098 

0.80 

77.7 

4.475 

1.500 

95** 

1.050 

0.40 

88.8 

8.950 

2.190 

990 

1.010 

0.22 

93.9 

26.260 

2.790  2.150 

1006 

0.995 

0.18 

95.0 

19.900 

2.990 

1027 

0.974 

0.17 

95.3 

21.100 

3.050  1.860 
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TABLE  XXV-A.  SUMMARY  OF  DATA  FOR  PROPANE  RUN  CCP-28 


Catalyst :  Code  A 


Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 
•k-i 

Exit  Oxygen 
Cone., 

%  Vol. 

%  Oxygen 
Conversion 

Oxygen  In 

1 rfixy.  In  > 

Carbon  Dioxide 
Cone.,  %  Vol. 

Oxygen  Out 

v)xy  Out' 

573 

1.745 

3.71 

0.0 

1.000 

0.000 

0.000 

60U 

1.657 

3.69 

0.5 

1.005 

0.005 

616 

1.621 

3.65 

1.6 

1.016 

0.016 

628 

1.591 

3.60 

3.0 

1.030 

0.030 

642 

1.559 

3.55 

4.3 

1.045 

0.044 

652 

1.531 

3.50 

5.7 

1.060 

0.058 

0.098 

674 

1.482 

3.40 

8.4 

1.090 

0.086 

685 

1.460 

3.30 

11.1 

1.122 

0.115 

0.362 

725 

1.380 

3.00 

19.1 

1.238 

0.214 

735 

1.360 

2.90 

21.8 

1.280 

0.247 

0.428 

766 

1.304 

2.60 

29-9 

1.428 

0.356 

798 

1.252 

2.30 

38.0 

1.611 

0.477 

838 

1.192 

1.90 

48.8 

1.951 

0.669 

0.889 

887 

1.128 

1.40 

62.2 

2.650 

0.975 

9U 

1.097 

1.30 

65.0 

2.855 

1.050 

1.256 

938 

1.066 

1.00 

73.0 

3.710 

1.310 

958 

1.042 

0.80 

78.5 

4.640 

1.533 

973 

1.028 

0.62 

81.1 

5.990 

1.790 

1.590 

1015 

0.985 

0.43 

88.4 

8.630 

2.160 

1.730 

1030 

0.970 

0.40 

89.2 

9.270 

2.230 

1.540 

1078 

0.928 

0.14 

96.2 

26.500 

3.280 

1.795 
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TABUS  XXVI -A.  SU&4ARY  OF  BUH  DATA  -  60  HR  TEST  WITH 
MIU-T-5I610  FUEL 

Catalyst:  Coda  A  Diluted^)  8pace  Velocity:  100,000  far*1 


Cumulative 

Tiae(2) 

Rrs 

Hot  Spot 
leap.,  *C 

Hot  Spot 

Positions) 

Inches 

Bed  Press 
Drop,  pel 

Exit 

O2  Cone. 
i  voi. 

Exit 

CO3  Cone 

i  voi. 

.5 

760 

11  iA 

2.78 

.13 

1.79 

4.1 

694 

11  1/2 

2.84 

.12 

2.00 

7.7 

730 

11 

3.10 

.06 

1.84 

10.3 

724 

11 

3.21 

.05 

1.84 

14.3 

740 

11  3A 

3.25 

.04 

1.82 

19.0 

728 

11  3A 

3.54 

.05 

1.86 

21.6 

766 

9 

3.83 

.04 

1.67 

24.6 

704 

12  iA 

3.83 

.24 

1.39 

29.6 

785 

9  1/2 

3.87 

.03 

2.13 

33.5 

759 

10 

3.83 

.03 

1.55 

36.9 

798 

9  7/8 

3.83 

.03 

1.76 

40.9 

769 

11  1/8 

3.83 

.03 

1.64 

45.2 

758 

10  3A 

3.83 

.11 

1.70 

49.2 

759 

11 

3.83 

.02 

1.83 

53.4 

766 

11  iA 

3.85 

.02 

1.84 

57.4 

759 

10  1/2 

3.85 

.02 

1.79 

62.3 

767 

10  iA 

3.83 

.d 

1.79 

(1}  1  volume  catalyst 

+  2  volumes  inert  ceramic. 

(2)  Test  hours,  see  Table  V. 

'  (3)  Measured  free  tip  of  thermowell*  catalyst  zone  •  4.1"  to  11.6". 
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TABLE  XXVII-A.  SUMMARY  OP  DATA  FOR  ACTIVITY  TEST  PRIOR 
TO  60-HOUR  RUH 


Catalyst: 

Code  A* 

Fuel: 

Propane 

SV: 

32,000  hr- 

•1 

Mixture: 

Stoichiometric 

Hot  Spot 

1/T  x  103 
•K-l 

Os  Exit 

C02  Exit 

Temp.  (T) 

Cone. 
i  Vol. 

i  Oxygen 
Conversion 

/  02  in 
'  O2  out  . 

) 

Cone . 
i  voi. 

9U0 

1.064 

.49 

&7.5 

7.65 

2.04 

m 

914 

1.094 

1.34 

64.3 

2.80 

1.03 

1.20 

9Q3 

1.017 

.39 

89.6 

9.62 

2.26 

1.32 

1061 

.942 

.09 

97.6 

40.3 

3.70 

1.64 

1073 

.932 

.20 

94.5 

18.25 

2.90 

1.32 

1063 

.941 

.05 

9«.6 

76.2 

4.33 

- 

1053 

.950 

.12 

96.8 

31.22 

3.44 

1.76 

TABLE  XXVIII- A.  SUMMARY  OF  DATA  FOR  ACTIVITY  TEST  PRIOR 
TO  60-HOUR  RUH 

Catalyst:  Code  A11  Fuel:  Propane 

SV:  50 j OOO  hr"-1-  Mixture:  Stoichiometric 


Hot  Spot 
Temp.  (T) 
*K 

1/T  x  103 

Vi 

Os  Exit 
Cone. 

*  Vol. 

%  Oxygen 
Conversion 

/  Os  in  \ 

'  O2  out  / 

InfOfcJiLN 
'O2  out-A 

COs  Exit 
Cone. 

%  Vol. 

645 

1.550 

3.39 

9.6 

1.11 

.104 

.03 

739 

1.353 

2.87 

23.4 

1.31 

.270 

m 

814 

1.228 

2.36 

37.0 

1.59 

.399 

.52 

863 

1.359 

1.80 

52.0 

2.08 

.732 

«» 

992 

1.008 

1.29 

65.6 

2.90 

1.065 

1.18 

1071 

0.935 

.11 

97.1 

34.9 

3.554 

1.84 

*in  admixture  with  inert  ceramic j  1  volume  catalyst  +  2  volumes  ceramic. 


701 

1.428 

2.93 

20.6 

1.26 

.207 

.26 

805 

1.2**3 

1.94 

47.5 

1.91 

.647 

.63 

896 

1.116 

1.28 

65.4 

2.89 

1.061 

1.02 

976 

1.025 

.58 

84.3 

6.61 

1.888 

1.21 

1001 

.999 

.24 

93.. 

15.4 

2.733 

- 

1033 

.967 

.06 

98.5 

61.7 

4.12 

1.58 

1068 

.936 

.02 

99.4 

185 

5.22 

1.26 

TABLE  XXX -A. 

SUMMARY  OF  DATA  FOR  ACTIVITY  TEST 
FOLLOWING  60-HOUR  RUN 

Catalyst: 

Cods  A" 

Fuel: 

Propane 

SV:  50*000  hr"*  Mixture j  Stoichiaartric 


Hot  Spot 

T earg.  (T) 

& 

l/T  X  103 
•k-1 

Oz  Exit 
Cone. 
i  voi, 

H  Oxygen 
Conversion 

(  Oa-fo.A 
\  02  out/ 

CO2  Exit  j 

Cone.  1 

i_Vol. 

>  693 

1.442 

3.16 

10 

1.11 

.1044 

1 

m  ! 

! 

'  729 

t 

1.371 

3.02 

13 

1.16 

.1487 

j 

m  s 

i 

789 

1.266 

2.49 

29 

1.405 

.3402 

1.26  ? 

1  i  863 

j'  i  » 

1.159 

1.95 

44 

1.795 

.586 

m 

935 

1.07 

1.45 

59 

2.41 

.880 

- 

998 

1.002 

1.07 

70 

3.27 

1.363 

m 

1061 

.942 

.34 

90 

10.3 

2.338 

j 

1087 

.921 

.32 

91 

10.93 

2.395 

m 

*in  admixture  with  inert  ceramic; 

1  volume  catalyst  +  2  volume  a  ceramic. 

1 

* 

! 

j 
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t  * 

. 

1 

'! 

1 

TABLE  XXXI- A.  SUMMARY  07  DATA  FOR  ACTIVITY  TEST  FOLLOWING 
REGSEHERATION  AFTER  60-H0UR  RUN 


Catalyst: 

Code  A* 

Fuel: 

Propane 

SV: 

50,000  hr-1 

Mixture: 

Stoichiometric 

Hot  Spot 
Temp.  (T) 

•k 

1/T  x  103 

•k-i 

Oa  Exit 
Cone. 

4  Vol. 

4  Oxygen 
Conversion 

Os  in 
O2  out 

00a  Exit 
Cone. 

4  Vol. 

873 

1.145 

2.10 

40 

1.67 

.513 

.53 

936 

1.068 

1.4o 

57 

2.34 

.851 

.74 

1023 

.978 

.92 

74 

3.79 

1.334 

.89 

1046 

.956 

.81 

77 

4.36 

1.473 

1.25 

1066 

•  .938 

.60 

83 

5.82 

1.762 

I.07 

1069 

.935 

.49 

86 

7.12 

1.965 

1.16 

"in  admixture  vith  inert  ceramic; 

1  volume  catalyst  ♦  2  volumes  ceramic 
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TABIC  XXXII -A.  SjmSt  OF  DATA  FROM  PSRFQS4AS3  TEST  OSffiS 
CATALYST  All)  AND  A  STOICKIOSHBIC  HIXTURS 
»  OXYGEN  AND  JP-4 


SVs 

100,000  hr*1 

Hot  Spot 
Temp  (T) 

•k 

1/T  x  103 

•k-i 

Exit  Os 
Cone. 

ivoi. 

Oxygen 

Conv. 

Oxygen  In 
Cecygen  Oct 

1i/9ELJsl) 

VOxy  Out/ 

i  Theoret. 
COa,  Basis 
O2  Conv. 

676 

1.479 

3.16 

12.5 

1.19 

0.174 

>100 

813 

1.230 

2.29 

36 

1.64 

0.496 

>100 

821 

1.208 

0.39 

89 

9.64 

2.266 

46 

867 

1.153 

1.88 

99.5 

188 

5.236 

57 

901 

1.110 

1.54 

57 

2.44 

0.897 

99 

989 

1.011 

0.62 

83 

6.06 

1.802 

94 

1034 

0.967 

0.21 

94 

17.90 

2.885 

79 

1042 

0.960 

0.01 

99.9 

376 

5.930 

74 

(1)  Diluted,  1  volume  of  Catalyst  A  ♦  2  volumes  of  inert  ceramic. 


TABLE  rXXin-A.  PROPERTIES  OF  JET  FUELS 


Fuel 

Gran,  ty,  *API 

Water  separometer  index,  modified 

Viscosity  at  -30*F,  CS 

Color 

Freezing  point,  *F 


Existent  gum,  mg/100  ml 

0.0 

0.6 

5.4 

Potential  gum,  mg/100  ml 

m 

1.4 

6.4 

Aniline  point,  *F 

157.0 

- 

m 

Aniline  gravity  constant  or  B.T.U. 

7159 

mm 

mm 

Lovibond  number 

78 

- 

- 

Aromatics,  % 

2.3 

24.6 

24.9 

Olefins,  % 

3.4 

1.6 

1.5 

Flash  point,  °F 

153 

- 

- 

Thermal  stability,  tube  deposit  code 

#1 

1** 

1** 

Thermal  stability,  pressure  drop,  inch  Hg  0.2 

0 

0.0 

Distillation,  *F:  IBP 

392 

159 

168 

10)1  evaporated 

M3 

188 

196 

20)6  evaporated 

4l6 

205 

211 

5056  evaporated 

423 

241 

243 

90 %  evaporated 

442 

353 

354 

EP 

472 

442 

420 

Recovery,  % 

98.0 

97.5 

98.0 

Residue,  % 

1.0 

1.0 

1.0 

Loss,  % 

1.0 

1.5 

1.0 

Total  sulfur,  weight  % 

- 

0.166 

0.155 

Mercaptan  sulfur,  weight  % 

• 

0.0006 

0.0006 

■Batch  Identification  code  of  Ashland  Oil  and  Refining  Company, 
Ashland,  Kentucky. 


■"Preheater  rating 


(Table  Continued) 


ZABLE  XXXIII- A.  PROPERTIES  OF  JIT  FUELS  (continued) 


Fuel 

Typical 

Mil-T-5161  G  (JP-M 

JP-7 

3-69-COV" 

4-69-COV* 

Reid  vapor  pressure  at  100*F,  psi 

m 

2.9 

2.78 

ltet  heat  of  combustion,  BTU/lb 

- 

18,551 

18,717 

Staioke  point,  am 

m 

23 

21 

Copper  strip  corrosion 

m 

la 

la 

Water  reaction 

- 

1 

1 

Anti-icing  additive:  Top,  volume  £ 

0.149 

0.123 

Middle,  " 

- 

0.145 

0.120 

Bottom,  " 

m 

0.135 

0.122 

Composite,  * 

- 

0.143 

0.122 

Metal  deactivator,  lb/lOOO  bbl 

- 

2 

2 

Antioxidant,  lb/lOOO  bbl 

• 

8 

8 

■Batch  identification  code  of  Ashland  Oil  and  Refining  Company, 
Ashland,  Kentucky. 
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APPSOTH  B 


KUCETIC  IKTERPRETATION  OP  CATALYTIC  CCKBUSTICW  DATA 


APPENDIX  B 


KINETIC  INTERPRETATION  OF  CATALYTIC  COMBUSTION  DATA 


The  rates  of  processes  occurring  in  plug  flov  reactors  frequently  reflect 
the  law  of  mass  action;  that  is,  they  show  a  dependency  on  the  concentration 
of  one  or  more  of  the  reactants.  If  the  overall  rate  is  directly  proportional 
to  the  concentration  of  a  reactant,  the  reaction  process  is  described  as  first 
order  and,  assuming  constant  volume,  the  following  relationship  obtains: 

■T  ‘  ln(l^  “h"e 

K  *  reaction  rate  constant 


V  ■  volume  of  the  reaction  zone  , 

Q  -  volumetric  flow  rate  of  reactants 
C  a 

X i  *  1  -  -m —  ■  conversion 
CA0 

C^  »  outlet  concentration  of  species  A 
Cj^q  ■  entering  concentration  of  species  A 
T  ■  absolute  temperature  in  reaction  zone 


B  «  E-rR 

E  «  energy  of  activation  for  reaction 
R  ■  gas  constant 

A  *  frequency  factor,  a  system  constant 

By  substitution  of  Ae  “B/T  for  K  and  1-CjJc^q  for  X*  and  taking  the  logarithm 
we  have 

in  VJ  -  4  -  In 

Hence,  a  plot  of  In  ln(Sj;  vs  i  yields  a  straight  line  with  a  slope 
Of  -B.  yvg  y  T 


If,  on  the  other  hand,  the  overall  rate  is  directly  proportional  to  the 
concentration  of  each  of  two  reactants,  or  to  the  second  power  of  the  con¬ 
centration  of  one  reactant,  the  reaction  is  said  to  be  second  order.  The 
following  expression  obtains: (l) 


CaoW 

— 5~ 


from  which  by  substitution  for  X* 
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for  K 


JA 

CA0ICV  1  “  CA0  _  .  -B/T 

“q —  ■  — -  and  by  substitution  of 

^AO 

caova  *s/t  £ao  , 

W  "  CA 

and  by  tailing  the  logarithm 

/£aOvA  B  -  CA0 

i„  v— ;  -  —  ■ c 7 

Hence,  a  plot  of  ln^|-i£^vs  -y-  yields  a  straight  line  with  6lope  of 

-B.  Especially  when  processes  occur  through  a  succession  of  steps,  it  is 
normal  to  find  a  frectionaL-order  relationship  governing  the  overall  process, 
i.e.  the  reaction  order  is  not  exactly  0.0  or  1.0  or  2.0,  but  somewhere  in 
between. 


Inspection  of  the  plots  indicated  above  shows  if  the  overall  reaction 
adheres  to  first  or  second  order  kinetics.  In  cases  where  stoichiometric 
mixtures  of  reactants  are  used,  the  initial  and  final  concentration  of  either 
reactant  can  be  used.  In  the  present  experimental  program,  the  exit  gas 
volume  is  only  slightly  greater  than  the  entrance  volume,  end  the  error  intro¬ 
duced  by  this  deviation  from  constant  volume  conditions  is  negligible. 

Certain  reactions  Involving  two  reactants  have  been  found  to  proceed  at 
rates  governed  entirely  by  the  concentration  of  one  of  the  reactants,  in  which 
case  the  rate  is  said  to  be  zero-order  with  respect  to  the  other  reactant. 

Such  is  known  to  be  the  case  with  the  catalytic  vapor  phase  oxidation  of  pro¬ 
pane,  where  the  rate  is  essentially  zero-order  with  respect  to  oxygen  concen¬ 
tration. 

REFERENCES 

1.  Levenspiel,  Chemical  Reaction  Engineering,  pp  48-50,  John  Wiley  and  Sant, 
New  York,  15^2 
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APPENDIX  C 


!0D  Of 


CALCULATING  REACTION  RATE  CONSTANTS 


appendix  c 


METHOD  OP  CALCULATING  REACTION  RATE  CONSTANTS 


The  reaction  rate  constant  is  obtained  from  the  rate  equation  (Appendix  B) 


f  -  K^j) 


and  the  Arrhenius  equation: 


where  all  the  symbols  are  defined  as  in  Appendix  B.  The  value  of  ronstant 
K  varies  according  to  the  terms  and  conditions  used  to  define  the  volumetric 
flow  of  reactants.  For  example,  these  flows  can  be  given  at  standard  condi¬ 
tions  or  at  the  conditions  existing  in  the  reactor.  In  this  experimental 
program,  the  flow  of  reactants  measured  at  14.7  psia  and  22*C  (295*K)  is  the 
standard  basis  for  space  velocity  (SV).  ^  definition,  SV  ■  Q  .  Therefore, 

under  these  standardised  conditions:  ’’ 


For  systems  involving  stoichiometric  mixtures  of  two  reactants,  concentration 
measurements  on  either  reactant  are  sufficient  for  determination  of  the  rate 
constant. 


It  can  be  informative  to  calculate  reaction  rate  constants  using  volu¬ 
metric  flow  rates  (q)  representing  actual  conditions  in  the  reaction  zone.  In 
a  series  of  runs  made  at  different  pressures,  for  example,  the  effect  of 
changes  in  reaction  pressure  on  the  rate  constant  can  be  evaluated.  Thus,  if 
Pr  and  Tr  represent  the  actual  reaction  pressure  and  temperature,  and  Ps  and 
Ts  represent  the  standard  conditions  on  which  space  velocity  is  based: 


kb  ■  GrXv)ir‘  f 


02  in  > 

O2  outJ 


Example: 


Run  No. 
SV 

tr 

Pr 

Os  in 
Os  out 

150,000  Ij 
hr  H 


JT  -  6A 
150,000  hr'1 
600* C  -  873*K 
29.12  psia 
2.76* 

1.18* 


(Mb) 


190,800  hr'1  or  53  sec'1 


224 


APPENDIX  D 


WATER  RfMOVAL  STUDIES 
SUMMARIES  OF  TEST  DATA 
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TABLE  I-D.  SU»MRY  OF  TEST  DATA  FOR  CaS04 
Temperature  ■  40*C 


Volume 
of  Gas 

Space 

Velocity CaJ 

Water  Pickup, 

100  x  Wt  Gain 

-  Wt  Agent 

Efficiency 

(liters) 

(hr-1) 

U-tube .#1 

U-tube  #2 

U- Tube  #3 

(ppa) 

43.6 

5700  . 

3.29 

0.03 

tero 

20 

150.4 

5700  . 

8.52 

1.61 

0.16 

20 

222.6 

5700. 

10.42 

4.32 

0.23 

20 

265.2 

5700  • 

11.29 

5.81 

0.73 

20 

317.2 

5700 

11.94 

6.87 

2.01 

70 

365.6 

5700 

12.13 

7.81 

3.42 

400 

388.8 

5700 

12.29 

8.21 

4.23 

1000 

(a) 

Volume  of  gas 

through  each  tube  a  bulk  volume  of  agent 

in  tube. 

TABLE  II-D,  SUMMARY  OF  TEST  DATA  FOR  CaSO* 

Volume 
of  Gas 

Space 

Velocity (tt' 

Water  Pickup, 

100  x  Wt  Gain 

i  Wt  Agent 

Efficiency 

(liters) 

(br-1) 

U-Tube  #1 

U-tube  #2 

U-Tube  #3 

(ppra) 

Temperature 

»  100*c 

49.1 

5700 

.  2.83 

0.56 

0.35 

9*500  are 

130.6 

5700 

2.05 

0.25 

0.38 

31*000  a re 

Temperature 

-95*c 

2.3 

25 

0.91 

0.06 

0.08 

860 

2^.0 

1200 

2.16 

1.20 

0.86 

3,960  are 

(a)  Volume  of  gas  through  each  tube  J  bulk  volume  of  agent  in  tube. 
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TABIE  III-D.  SUMARY  OP  TEST  DATA  FOR  CaCla 


Temperature  ■  100*C 


Volume 
of  Gas 

Space 

Velocity**) 

Water  Pickup, 

100  x  Wt  Gain 

i  Wt  Agent 

Efficiency 

(liters) 

99.2 

(hr-1) 

U-Tube  #1 

U-Tube  #2 

U-Tube  #3 

(ppo) 

5700 

3.26 

0.31 

0.06 

16,700 

255 

5700 

6.73 

1.89 

0.30 

18,000 

339 

5700 

7.7 6 

3.00 

0.59 

18,000 

483 

5700 

9.78 

5.48 

2.73 

615 

5700 

11.33 

5.96 

4.57 

865 

5700 

14.18 

7.99 

5.16 

20,400 

(a)  Volume  of  gas  through  each  tube  *  hulk  volume  of  agent  in  tube 


100  X  WT.  WATER  ABSORBEO/WT 


i 

i 

j 


FIGURE  1-D.  ORYIHG  PERFORMANCE  OF  Co2Cl2  AT  100*C 
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FIGURE  2-D.  DRYING  PERFORMANCE  OF  8^3  AT  100*C 
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3  TUBES  IN  SERIES 
SV  EACH  TUBE  =  5700  ht*1 


A%/AV 


0.08 


REFER  FIG.  I  D 
TEMP.  =  100‘C 
SV  =  5700  hr 


0.07 


0.08 


0.05 


0.04 


100  200  300  400  500  600  700  800  900  1000 

TOTAL  GAS  VOLUME,  liters 

FIGURE  4-D.  WATER  ABSORPTION  RATE  FOR  CeCI2 
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FIGURE  5-D.  CALCIUM  CHLORIDE  PHASE  DIACRAM* 


aGM  Conditioning  Fact  Book,  p.  279,  The  Dow  Chemical  Company, 
Midland,  Michigan,  1962. 
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APPENDIX  E 


CALCULATION  OF  HEAT  AND  MATERIAL  BALANCE 


1ST  FLIGHT  PLAN  NO.  1 


APPENDIX  E 


CALCULATION  OF  HEAT  AND  MATERIAL  BAIANCE 
SST  Flight  plan  No.  1 
Average  Conditions 

The  following  calculations  are  based  on  the  datn  and  assumptions  stated 
in  Section  V  6  i.  Reference  ia  made  to  the  flow  diagram  appearing  in 
Figure  36 . 

1.  Molfar  volume  at  assumed  conditions 

Pi  »  5*03  psia 
Tx  -  200*F  -  660*R 

V-,  -  iiiil  X  359  x  «  1,407  rt3/lb-mole 
492  5.O3 

3 

2.  Amount  of  air  required  to  supply  1,000  ft  /min  dry  ballast  gas  at 
above  conditions 

1,000  x  1.0811  -  1,081  ft3/min  air 
1,081  7  1,407  »  O.768  lb-moles/min  air 

0.768  *  28.9  -  22.21  lb/min  air 

3.  Amount  of  water  formed 


1,081  ft3/min 

0.21 

mole 

Os 

18  lb  B20 

o2 

1.407  ft3 

1.4 

mole 

■  2.08  lb/min  water 

4.  Amount  of  heat  removed  by  the  air  during  its  preheating  in  H.E.  No.  1  and 
In  the  reactor  Jacket 

at  600#F,  hgQQ  -  142  BTU/# 

at  1,112*F,  h1119  «  276  BTU/# 

QAIR  -  (*Ul2  -  h600)  *  WAIR 

»  (276  -  142)  x  22.21  «  2,980  BTU/min 
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5.  Maximum  amount  of  heat  that  can  bo  removed  by  the  fuel  (allowing  all  the 
fuel  to  reach  600^) 

at  50C*F,  h500  =  1U0  BTU/lb  fuel 

at  600“F,  h600  =  351  ” 

a)  engine  at  cruise  operating  conditions 

QF .cruise  -  (351  -  IkO)  x  712  =  150,000  BTU/min 

b)  engine  at  idle  operating  conditions 

^F-idie  =  (351  -  1U0)  x  1U0  *  29,5^0  BTU/min 

6.  Amount  of  fuel  to  use  for  combustion 

Reaction:  1.65  C^Hpo  -  21  02  ♦  79  N2  — *■  79  N2  ♦  lj. 5  C02  ♦  15  H20  ♦  0.15  CgHgO 

(or  I.65  C^Hpo  +  100  Air) 

-  22,21  x  (I.65  x  126)  =  1.623  lb/min  fuel 
26.9  x  100 

*  0.244  gpm  at  60*F 

-  0.278  gpm  at  300°F 

-  0.331  gpm  at  600°F 

7.  Molar  quantities 

No.  of  moles  of  fuel  used  -  1.625/128  *  0.01266  moles/rain 

No.  of  moles  of  air  used  =  22.21  /28.9  =  O.766  " 

No.  of  moles  of  02  used  «  0.21  x  O.768  a  0.l6lU  " 

No.  of  moles  of  N2  used  =  O.79  x  O.76&  =  0.607  ” 

Total  flow  of  air-fuel  mixture  =  0.781  moles/min 

-  23.83  lb/min 
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8.  Weight*  end  volumes  of  components  In  the  air-fuel  mixture  and  the  mol at 
ballast  gas  (see  reaction  in  6. )  — —  - 

a..  Incoming  air-fuel  mixture: 


Comp. 

Ho.  moles 

Mol.  Wt. 

Ho.  x  M.W. 

wt.  i 

Vol.  i 

Wt.  actually  used 

C9H20 

1.65 

128 

211.2 

6.82 

1.62 

1.62 

lb/rai n 

02 

21 

52 

672 

21.71 

20.66 

5.18 

H 

1*2 

79 

28 

2212 

71.47 

77.72 

17.03 

H 

* 

101.6 

3095 

100.00 

100.00 

23.83 

ft 

b. 

Leaving  moist  ballast  gas: 

1*2 

79 

28 

2212 

71.47 

73.39 

17.03 

lb/min 

co2' 

13.5 

44 

594 

19.19 

12.54 

4.57 

ft 

H20 

15 

18 

270 

8.72 

13.93 

2.08 

ft 

C9H20 

0.15 

128 

19 

0.62 

0.14 

0.15 

ft 

107.6 

3095 

100.00 

100.00 

23.83 

f* 

c.  Some  relationships: 

Weight  ratios:  02  i  Air  «  0.233  lb  02/lb  Air 
Oa  i  H2  «  0. 304  lb  Cfe/lb  H2 
"MOlar"  volume  increase  ratios  due  to  reaction,  etc: 


•  Incoming  mixture  101.6  .  0,x 

Incoming  air  *  100 

Moist  ballast  gas  107.6  , 

Incoming  "air - I00~  =  1*°7' 


Moist  ballast  gas _ 

Incoming  air-fuel  mixture 


107.6 

ISO 


-  1.059 


9.  Preparation  of  the  air-fuel  mixture 

a.  Heat  Content  of  the  Mixture  (assume  fuel  is  liquid): 


Sensible  heat  in  liquid  fuel  at  600*P  »  351  BIU/# 
Sensible  heat  in  air  at  1,112*F  »  276  BRJ /# 


Qg  «  Heat  content  of  mixture  ■  Wy  x  by^goo  +  WAIR  x  hAIR,  11119 
•  1.623  x  351  ♦  22. 2  x  276  -  6,700  BTU/min 
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b.  Required  Heat  Content  of  the  Mixture  with  Vaporized  Fuel 

heat  of  vaporization  of  fuel  at  600*F  »  Ip, 600  *  1°°  ETU/^ 

°-RM  =  QM  4  WF  *  V,600  =  6,700  4  1.6? 3  x  ICO  =  6,860  BTU/min 

c.  Assume  the  desired  mixture  temperature  *  9 32*F 

Sensible  heat  in  liquid  fuel  at  600*F  =  351  BTU/# 

Heat  of  vaporization  *  100  " 

^Sensible  heat  in  fuel  vapor,  6 00  to  932*F.  =  232  " 

Heat  content  of  fuel  vapor  at  932*F  ■  SBf  BTU/# 

Sensible  heat  in  air  at  932*F  *  226  BTU/# 

Heat  content  of  the  mixture  at  932*F  » 

683  *  1-623  ♦  226  x  22.2 

Qgjg  =  6, 130  BTU/min 

Change  in  heat  content  =  O932  ” 

«  6, 130  -  6,  700 

Ih  *  -  570  BTU/min  excess  heat 

d.  Assume  the  desired  mixture  temperature  =  1,112*F  (600®C) 

By  similar  calculation: 


Heat  to  add  «  ^LH2”  ^{<1 

«  7,  490  -  6,  700  -  790  BTU/min 

The  power  requirements  for  making  up  this  deficit  by  resistance  heaters: 

Electric  power  =  (BTU/min)  x  Kw 

790  x  60  ,, 

3 1TT5 -  14  K 


e.  Temperature  of  the  mixture  without  additional  heat,  (that  is,  with  the 
total  heat  content  a  Q^). 

By  trial  and  error  we  find:  t  =  1,012  *F  ■  which  is  suffi¬ 

cient  to  initiate  the  reaction. 
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10.  Heat  evolved  in  catalytic  combustion 


AHr  for  JP-7  =  18,750  BTU/# 

for  100*  conversion:  AH^,  -  1.62J  x  ^  x  18,750  -  27,670  BTU/min. 

11.  Heat  content  of  gas  leaving  reactor  bed 

temperature  »  725*0  -  1337*F 

h  water  vapor  *  1,711  BTU /#  ^E20  78 P07  *  2-08  lb /min 

h  gae  -  335  "  WDRY  go  =  21.75  " 

Ql,337  *  2,075  x  1,711  +  21,75  x  355 

«  10,050  BTU/min 

12.  Amount  of  heat  to  be  removed  in  the  reactor  bed 

Qr  *  Enthalpy  of  air-fuel  mixture  entering  reactor  (Qm) 

•f  Heat  evolved  in  catalytic  combustion 
-  Enthalpy  of  moist  gas  leaving  reactor  bed  at  1,337 
.VQfl  =  6,700  ♦  27,670  -  10,050 
•  23#  520  BTU/min 

13.  Heat  exchange  capacity  of  available  cooling  water 

As  per  calculations  for  cooling  in  H.E.  Ho.  3  and  the  gas  drier 

(l£,  17  and  16)  the  sat.  of  available  cooling  water  and  its  conditions 

are: 

Wh2o  «  27  ib/min 

t  »  200.5  *P 

h  -  168.6  BTU/# 

If  it  is  assumed  that  this  cooling  water  leaves  as  saturated  steam  at 
212*F  with  h 222  “  1,150.4  BTU/#  the  amount  of  heat  that  can  be  removed  is: 

%0  *  “e.,0  (**212  "  h200.5) 

-  27  x  (1,150.4  -  168.6) 

«  26,510  BTU/min 


In  these  conditions  the  moist  gas  would  leave  with 

QW.B.G.  =  QM  *  -  Qh?0 

-  6,700  *  27,670  -  26,510 

■  7,860  HTU/min 

This  heat  content  corresponds  to  a  temperature  of  905*F  ,  where 
h  water  vapor  *  1,U8U.8  BTU/ff  2.08  x  1,U8U.8  *3,090  BTU/min 
h  gas  =  219.1*  "  21.75  x  219 .4  =^,770 

7,860  BTU/min 


Note:  Thus,  there  is  an  excess  of  cooling  water  capacity  for  the 

combustor.  In  order  to  leave  sufficient  heat  in  the  exit  gases 
to  preheat  the  combustion  air  to  1112*F  (see  below),  a  motorised 
valve  is  used  to  dump  the  excess  water. 

Preheating  of  air 

Achieved  in  reactor  Jacket  and  HE  No.  1  (later  calculations  may- 
show  that  Jacket  surface  is  sufficient,  or  that  the  Jacket  heat 
transfer  is  negligible). 


Air  out 

W  =  22.21  #/min 
t  -  1,112‘F 
h  *  276  HTU/# 


Air  in 

V  -  22.21  #/min 
t  *  600*F 
h  «  H»2  BTU/# 


Reaction  fuel  out 
Wpo  =  1.623  ft /min  I 

t  *  6oo*f  L_ 

h  *  351  BTU/# 

Moist  Ballast  Gas  in 
W  =  23. 63  at/mi  n 

Qw.B.G.  in  -10,850  BTU/cir 
t  -  1337 *F 


Reactor  Jacket 
and  HE  No.  1 


Reaction  fuel  In 
Wjtr  *  1.623  #/min 
t  *  350*F 

h  -  170  BTU/# 

Moist  Ballast  Gas  out 
W  -  23, 03  if /min 

fy.B.G.  out  *  7 


Qaxr  -  heat  removed  by  air  *  (hAIR  OUT  -  hAIR  IN>  x  WALR 

«  (276  -  1^2)  x  2221 
«  2,980  BTU/min 

HgR  =  heat  removed  oy  inerting  fuel  *  Wpp  (hpp  OUT  ■  hp-R  jjj) 

-  1.623  x  (351  -  17C) 


29 1*  BTU/min 
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9w.b.g.  oirr  -  Qwbg,  in  *  (^air  ♦  %?) 

=  10,&5  -  (2,  ?8 0  ♦  ?Q1*) 

-  7,575  BTU/min 

15*  Cooling  with  fuel 


Fuel  out 

t  assumed  »  350*F 
h  -  170  BTU/ # 


Moist  B.G.  In 

Ww.B.G.  *  ?3*®3  # 
Q  -  7,575  BTU/mln 


Fuel  In 
t  -  300*F 
h  «  ll»0  BTU/# 

wFuel  *  * 


Moist  Ballast  Gas  out 
WV.B.G.  “  23*^3  TJvZn 

q^bg  *  ^ 

t  assumed  *  3^0#F 


h{fe°  “ 
!W  b 

wHsO  * 


1,211.7  BTU/# 

»  75-2  BTU/# 

2.06  #/rain 


The  maximum  amount  of  heat  that  can  be  removed  by  the  fuel  (if  allowed  to 
reach  600*F)  is  351-1^0  «  211  BTU/lb  for  the  total  flow  of  fuel  to  the  engines. 
Oily  part  of  this  flow  will  be  needed.  We  can  assume  an  exit  temperature  for 
the  fuel  and  calculate  the  required  quantity. 

tFUEL  OUT  "  350  *F 

hFUEL  OUT  *  170  BTU./lb. 


We  have  also  to  assume  the  exit  temperature  of  the  moist  ballast  gas.  Since 
the  fuel  enters  at  300*F,  the  ballast  gas  may  reasonably  leave  at  3^0’F.  Thus, 
the  heat  to  be  removed  from  the  ballast  gas  is: 

*hHE2  “  Qw.B,G.  IN  -twB20  x  hHe0,3k>  +  (WWBG  “  wifc>o)  x  ^ry  B.G.,34o)] 
* 7# 575  -(2.08  x  1,211.7  +  21-75  x  75-2) 

-7,575  -  150  =3,^25  BTU/min 


And  the  amount  of  fuel  required  is: 


wFuel 


A6hE2 

Ahpum, 

nm o 

114  #/ min 
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1*' .  Cooling  with  watT  and  partial  condensation 


For  saturation  at  100°F  the  water  content  of  the  exit  gas  is  Wc  *  0.0^32  ff 
HsO  vapor/#  dry  gas.  Thus,  the  ar.ou.nt  of  water  vapor  carried  wy  the  saturated 
tallest  gas  leavi:..  H.  E.  #3  it:  0.01*32  x  21.75  =  0.91*  It /min  =  W^0  Vcp>  10Q 

and  the  amount  of  condensed  water  is  '  ' 

wCOOT>.  H2o  '  *  0.9-  =  1*135  Ib/rJn 

Srv  BG,  IOC  *  VDry  BG  x  h6an»  100  *  21-75  x  17*1 
-  372  BTU/min 

^KeO  vapor,  100  -  V^o  vap>  1QQ  x  vap>  100  *  0-92*  x  1,10;. 2 

»  1,  C39  BTU/min 

SlOND.  HeO,  100  *  WC0:O.  HeO,  100  x  h.^0  liq-,  IX  “  1-13^  *  66 
*  77  BTU/nin 

OSBG  -  372  *  1,039  -  1,1*11  BTU/min 

Heat  removed  in  HE  No.  3  *  ®WBG, 3I0  *  Q 

qR,HE3  *  M50  -  (372  ♦  1,039  ♦  77) 

«  2,662  ETU/min 

Q 

Amount  of  water  -  fy  _ 

^HgO, 210  -  Ojfeo,  65 

2,662 

WHeO  *  170  -  33 
»  18.5  #/min 


2*tl 


17-  Cos  Drier 


Assumed  all  water  removed.  As  mentioned  before,  the  heat  of  wate 
adsorption  dHr^  ■  1,500  BTU/jj^  includes  the  heat  of  condensation  h^K  *  1,050 
BTU/#.  Since  the  heat  content. of  saturated  ballast  gas  Ogt^j  includes  the 
latent  heat  of  vaporization,  the  net  heat  of  absorption  has  to  be  used  in 
the  calculations,  thus} 


:HrA,NET  "  1.500-1,050  -  450. BTU/# 

r  ^ 


Water  in 
t  -  65'F 
h  -  33  HTU/# 
Wlfe0  -  ? 


Saturated  BG  in 
t  *  100 ’F 

WDHY  BG  *  21 *75  #/min 

WHsO  vap  "  °‘9U  #Mn 
OsBG,  100  *  l»4ll  BTU/min 


Water  out 

rvrso-F 

h  -  148  BTU/# 


Gas  Drier 

AHrA,  NET  “  *50  BTU/# 


- ^ 

Dry  ballast  gas  out 
t  =  200 "F  ^ 

^RY  BG,  200  “  39‘5 
WDRY  BG  *  21*75  #/i“in 


Qin 


OSBG,  100  ♦  Wf^Q  vap  x  NET 

1,411  +  0.94  x  450 


1,834  BTU/min 


Qour 

a<*GAs  DRYER 
Amount  of  water 


%JRY  BG,  200  =*  WDRY  BG  x  hDHY  BG,  200 
21.75  x  39-5  *  859  BTU/min 

Qm  -  Qour  "  1834-859  -  975  BTU/min. 

Aqgas  dryer 

hHs0,  180  -  ^0,  65 


-211. 


148  -  33 

8.5  lb/mi 


n 


18.  Total  cooling  water  required 


Combine  the  amount  used  in  HE  #3  and  the  gas  drier,  plus  any  addi¬ 
tional  that  may  be  necessary  for  the  reactor  cooling. 

WHE  3  *  WGAS  DRYER  ■  18.5  ♦  8.5  ■  27  lb/ndn 

Average  heat  content  »  _WHE  3  x  **210  *  WGAS  DRYER  x  hl80 

WHE  3  +  WGAS  DRYER 

18.5  x  178  +  8.5  x  148  4,551 

*  18. 5  +8.5  3  27 
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166.6  FIT/# 


Thin  corresponds  to  average  water  temperature  of  200. b*F. 

The  above  emount  of  water  at  the  resulting  temperature  is  more  than 
sufficient  to  perform  the  required  heat  ieno/al  in  the  catalyst  ted.  It 
should  be  noted  tnnt  the  water  condensed  in  HE  3  Is  available  also. 
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APPENDIX  F 


DESIGN  CALCULATIONS,  EQUIPMENT  FOR 


SST  FLIGHT  PLAN  NO.  1 


APPEHDDC  P 


DESIGN  CALCULATIONS ,  EQUIPMENT  FOR 
SST  FLIGHT  FLAN  HO.  1 _ 


I.  Pipes  for  Preheated  Air  and  Fuel 

These  are  sized  to  handle  flows  during  the  normal  descent  period. 

A.  Air  Pipe 

*  0.8615  lh-mole/min .  ■  24.9  lb/min.  »  1*494  lb/hr. 
t  -  1,112‘F 

p  *  47.3  pslg  (.*.  P  *  62  psia) 

Vair  “  (272  ft3/lb-mole)  x  0.8615  lb-mole/min.  »  234.3  cfta 
/^AIR  ■  0.1063  lb/ft3 

y^AIR  *  0.039  centipoises  »  0.0000262  lb^ft.  sec. 

Using  stainless  steel  tubing*  2  3/8"  OD  and  O.O65"  wall  thickness 
we  get  (from  charts  and  nomographs  in  "Flow  of  Fluids"  published  by  the 
Crane  Company): 

If*  ■  average  velocity  «  9*500  ft/min  »  160  ft/sec. 

Re  *  Reynolds  number  *  105*000 
f  •  Moody's  friction  factor  ■  0.0213 
A  p100  **  pressure  drop  per  100  ft.  pipe  length  -  2.7  psi 
Wp  ■  weight  of  pipe  ■  1.6l  lb/ft. 

Consequently*  as  per  Figvxe  F-l  and  the  distance  from  HE  1*  the  10  ft.  of 
tubing  weigh  16. 1  lb.  and  the  equivalent  length  (2  tees)  is  40  ft.  giving 
a  pressure  loss  of  (40  x  2.7)  $  100  ■  1.1  psi. 

The  tubing  to  supply  the  air  to  the  vaporization  chamber  will  be 
13/16"  OD,  with  0.03 "wall  thickness  and  weighing  0.4  lb/ft*  while  the  pressure 
drop  is  A  p^qq  a  1.0  psi.  Its  length  is  about  4  ft*  weight  1*  1*6  lb.  and 
the  equivalent  length  (reducing  tee  and  bend)  is  10  ft*  giving  a  pressure  loss 
of  0.1  psi. 

Weight  sir  lines  ■  17.7  lbs. 


B.  Fuel  Pipe 

For  0.371  gpm,  using  1/8  Inch  schedule  5  pipe:  AP100  “  °-1*  P*1 
and  Wp  *  0.1U  lb/ft.  We  need  8  ft.  of  tubing,  its  weight  is  1.1  lb,  the 
equivalent  length  is  10  ft,  and  the  pressure  loss  0.0U  psl. 

Thus,  the  weight  of  the  supply  piping  is  17-7  ♦  1.1  ♦  0.5*  ■  19.3  lbs. 


Weight  all  supply  lines  »  19.3  lhs. 


II.  Vaporization  and  Mixing  Chamber 
A.  Size  and  Weight 

The  chamber  must  handle  the  design  quantity  of  fuel  (0.371  gpn  “ 
1.82  lb /min)  and  all  the  air  the  nozzle  requires.  The  remainder  of  air  is 
routed  to  the  Jacket  of  the  pipe  leading  fron  vaporization  chamber  to 
reactor.  The  chamber  must  be  able  to  withstand  the  highest  pressure  at 
which  air  may  be  delivered  (1U.7  x  15  ■  220  psia  -  205  P*ig). 

The  shape  and  size  are  governed  by  the  angle  and  length  of  the 
spray  projection  cone,  and  the  desire  to  minimize  the  pressure  drop. 


"Added  for  fittings  (extra  weight  over  straight  pipe). 
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7o  UAdu. 


For  spray  nozzle  choice: 

Fuel  rate  ■  0.371  x  60  «  22.2k  gph 
Air  rate  •  0.8615  x  359  -  309  scfm 
Available  air  pressure  ■  46.9  pslg 

The  design  will  be  based  on  cceanercially  available  nozzles;  however, 
especially  designed  two- fluid  pneumatic  spray  nozzles  are  possible.  For  a 
round  spray  pattern  cone  and  above  fuel  rate,  the  spray  cone  angle  is  20* 
and  the  length  of  the  laminar  type  spray  projection  cone  is  39"* 

The  air  capacity  of  the  nozzle  is  6  scfSs;  consequently,  the  bulk 
of  the  required  air  bypasses  the  chamber. 

In  order  to  minimize  the  pressure  drop,  the  downstream  end  of  the 
vaporization  chamber  is  shaped  as  a  convergent  cone  with  a  30*  angle  (based 
on  design  of  a  venturi).  It  is  estimated  that  the  pressure  loss  across  the 
entire  vaporization  set-up  (that  is,  including  the  nozzle)  will  be  20%  of 
the  pressure  in  the  supply  line,  namely  9*38  psi. 

The  length  and  width  are  determined  trigonometrically. 

The  thickness  of  the  chamber  is  based  on  the  highest  possible 
pressure  (220  psla)  and  temperature  (1100*F),  using  a  tensile  stress  of 
10,400  psi  for  Type  316  SS. 


t  *  22.  *  220  x  15  m  n.lA’ 
3s  gx  10,400 


Therefore,  use  3/16"  thick  sheet. 

The  weight  of  the  chamber  is: 

Lateral  area  cones  x  t  x  It/ inch 3  -  Weight 
R  R 

£  TTD  (sin  io"  +  sin  15"  )  *  3/l 6  x  0.290 


7  4  7  4 

-  £  3.1416  x  15  +  0^8)  *  3/16  x  0.290 

■  91  3b. 


Weight  of  chamber  *  91  3ba. 
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B.  Outlet  Pipe 

Designed  to  carry  the  air  and  fuel  vapor.  In  order  to  minimize 
the  possibility  of  explosion,  the  mixture  from  the  chamber  (which  is  fuel- 
rich)  travels  in  the  inner  tube  while  the  rest  of  th“  «1r  travels  separately 
in  the  Jacket  space.  To  continue  heating  the  mixture  while  on  its  way  to 
the  reactor,  the  inner  tube  is  provided  with  external  longitudinal  fins,  as 
in  Figure  F-2. 


Figure? -2.  transverse  Section,  Oitlet  Pipe 

For  preheating  the  air  and  the  system  at  the  start  of  flight,  resistance 
heating  elements  are  placed  Inside  the  Jacket  space  where  the  bulk  of  the  flow 
takes  place.  Ho  elements  are  placed  in  the  inner  tube  because  pressure  drop 
here  is  more  critical,  due  to  the  loss  taken  in  the  nozzle  and  vaporization 
chamber. 

1.  Pressure  Drop  in  the  Annular  Space 
Pw  *  Wetted  perimeter 

Py  •  TDi  ♦  TrD2+2Ux2h1  +  24lD4 

-  T (2.12  ♦  1.25  ♦  24  x  0.125)  ♦  48  x  0.375 
-  3.17  ft 


Aa  * 


Aa 


\  " 


*e 


Ga  * 


G* 


^  - 


Be 


f  » 


Ap  ■ 
L  ■ 

0a  ■ 


cross-section  annular  space 

■  z$l.  .  (Vi*!.  *■»*&*» 

-  TL5?'12-  .  I|i1,g^2  ♦  2k  x  0.375  x  0.035  ♦  2k 

-  1.70  inch2  -  0.0118  ft5 

equivalent  diameter 
.  4  x  Aa 

r 

w  • 

-  4  X  0.0119 

3.17 

-  0.0149  ft 

mass  velocity  in  annulus 

.  W  (lb/hr) 

Aa  (ftaj 

.  (24.9  -  0.48)  60 
0.0118 

-  124,000  lb /(hr)  (fta) 

Reynolds  number 

.  de  (ft)  x  Ga 
2.42  Xy«(centipoises) 

,,  0.0149  x  124,000 
2.42  x  0.039 

-  19,600 
friction  factor 
0.000235  W 
pressure  loss 

length  of  pipe  »  2.89  ft. 
viscosity  ratio  -  {ji  -  1.2 
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specific  gravity  ■  0.00129 


5.22  x  10*0  x  de  (ft)  x  s  x  0a 

0.000235  x  (124, OOP)2  x  2.89 _ 

"  5.22  x  10l0  x  0.0149  x  0.00129  x  1.2 

■  8.66  psi 

Pressure  drop  in  annular  space  «  8.66  psi 


2.  Pressure  Drop  in  the  Inner  Tube 

The  fuel-rich  mixture  fron  the  vaporization  chamber  contains 
0.48  lb /min  «  29  lb/hr  air  and  1.82  Ib/min  ■  110  lb/hr  JP-7.  Thus,  for  the 
mixture 

W  =  139  lb/hr 
V  -  2.833  ft 3/ lb 
P  -  0.353  lb/ft3 
JX  «  0.0241  centipolses 

Using  a  l£"  OD  316-SS  tubing  with  0.016"  vail  thickness,  1.218" 
ID  (and  24  fins  on  the  outside)  the  pressure  loss  is  0.3  psl/100  ft,  hence 
in  the  2.89  feet  of  pipe  the  loss  will  be  0.01  psi,  or  negligible. 


Pressure  drop  in  inner  tube  ■  negligible 


Thus,  both  the  fuel-rich  mixture  and  the  air  reach  the 
combustor  inlet  at  37.5  psig  (52.2  psia). 


Pressure  at  combustor  inlet  ■  37.5  psig 


3*  Weight  of  Tubing 

l£“  OD  tubing:  0.8  lb/ft  2.3  lb. 

fins:  1.05  lb/ft  (for  2k  Tins)  3.0  lb. 

2^"  OD  tubing:  1.6  lb/ft  U.6  lb. 

heating  element*,  for  2k :  1.2  lb/ft  3-5  lb. 

Added  for  the  tee  0.2  lb. 

Total  13.6  lb. 


Weight  of  outlet  pipe  «  13.6  lb. 


C.  Startup  Heaters 

It  Is  necessary  to  preheat  the  air-fuel  mixture,  at  the  start  of 
the  flight,  to  a  temperature  of  1,012*F.  The  resistance  heating  elements 
inside  the  annular  space  of  the  Jacketed  transfer  pipe  serve  for  either 
initial  or  additional  heating  of  most  of  the  air.  The  fuel  and  air  passing 
through  the  vaporization  chamber  must  be  heated  for  startup  in  the  chamber, 
however,  and  this  is  done  by  means  of  heating  elements  placed  around  the 
vails  of  the  chamber. 

At  the  start  of  the  flight  there  is  a  demand  for  k3  scfm  of  ballast 
gas  or  U3  x  1.081  ■  U6.5  scfta  air  (■  3*7^3  #/min.).  The  amount  of  fuel 
required  for  this  quantity  of  air  is  0.27k  lb/min  ■  0.0U1  gpm  •  2.k6  gph. 

At  these  conditions,  again  6  scfta  of  air  are  required  for  the  vaporization. 
Thus: 

TTaIR  ■  6  scfta  ■  O.U83  lb/min. 

tAIR  ■  250*F  (or  less,  since  all  equipment  is  cold) 
hAIR,  250*F  *»52.2  BTU/# 

Vpuel  *  0.27k  lb/min. 

*Fuel  »  60*F 

60 *F  -  12.8  BTU/# 

and  at  the  desired  temperature  of  1,012*F 
hAlr,  1012 *F  *  2U6.7  BTU/# 
hp^,  1012 *F  -  751  BTU/# 

q  -  O.U83  (2k6.7-52.2)  +  0.27k  (751-12.8)  -  296  BTU/min. 
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The  required  "heater"  is 


296  x  60 

12.75 


5.2  Km 


Allowing  for  losses,  the  heater  is  sized  at  6  KW,  and  its  weight  is  12  lb. 


Heater  size  ■  6  W 
Heater  weight  =  12  lbs 


III.  Total  Weight  of  Air  and  Fuel  Feed  Equipment* 


Supply  piping 

19.3  lb. 

Spray  nozzle 

0.6 

Vaporization  chamber 

91 

Outlet  piping 

13.6 

Heater 

12 

Total 

136.5  lb. 

This  figure  does  not  include  the  weight  of  a  flow  control  device  to 
regulate  the  flow  of  air  to  the  nozzle  under  all  flight  conditions.  The 
device  is  visualized  as  a  flow  meter  in  the  air  line  to  the  nozzle,  con¬ 
nected  to  a  throttling  valve  in  the  air  line  to  the  Jacket  of  the  chamber 
outlet  pipe.  Its  weight  is  included  under  Controls. 


Total  weight  of  air  and  fuel  feed  equipment  •  136.5  lh. 

IV.  Combustor 

The  combustor  is  shown  schematically  in  Figure  33  and  3^»  Design  of  the 
individual  components  follows. 

A.  Size  and  Distribution  of  Cooling  Tubes 

Although  other  alloys  may  be  advantageous,  316  SS  is  assumed. 


“Omitting  insulation 
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316  88  tubing:  ODt  ■  0.25" 
vail  thickness  ■  0.020" 

IDt  -  0.21" 

Pins:  fin  hei$:t,  bf  ■  0.375" 

fin  thickness,  thf  »  0.035" 

nuaber  of  fins,  *  k  fins  per  inch  tube 


. . . . r 

Fue>  -  Am  touTuie  ream  'Jefummw  (niuiece  i.u*  3*  • 

"  '  '  '  '  " - - -  1 

iHHEft  CATACjvr 

SoeroT 

Figure  P-3.  Details  of  Caabas tor  Core 
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rXSO  "  out-*^'le  radius  of  inner  screen  ■  1.6oT5  inch 

rfa  *  radius  of  centers  of  heating  elements  ■  1.7875  inch 

rl»  r2>  etc.  »  radii  of  centers  of  cooling  tubes 

TqSj  *  inner  radius  of  outer  screen  ■  9*6  inches 

r0S0  "  outeide  radius  of  outer  screen  »  9.8  inch 

Ty^  *  inside  radius  of  outer  combustor  wall  *  10.5" 

rOA  *  outside  radius  of  cuter  combustor  wall  (»  outside  radius 
of  combustor  ■  10.625") 


A  <' 

V  ' 


V 

**  \  Q 

X 


£>  A 

c  ^ 


'  ^--e — 

’  - - O-- 

v\  jp —  _ 

S\\\ 


■X  \ 


Figure  F-5  •  Detailed  Cross  Section  of  Combustor  Including 

Distribution  of  Cooling  Tubes  and  Heating  Elements 


.»  JF.w4e.0rn* 


Stating  elements:  CDjj  •  3/16" 
vbere  Ht/b  ■  number  of  tube*  per  bank: 


r,  inch 

1  d,  inch 

IT 

inch 

. .  ®P*{ 

sing 

Cumulative 
!  lumber  of 

Tubes 

It/b 

i  to  i 

inch 

between  fin 

edges,  inch 

th  -1.7875 

3.575 

11.23 

»h  -  30 

0.374 

0.187 

— 

*1  -  2.5 

5.0 

15.71 

12 

1.31 

0.31 

12 

ra  -  3.6 

7.2 

22.62 

18 

1.26 

0.26 

30 

r3  * 

9.4 

29.53 

24 

1.23 

0.23 

54 

r*  -  5.8 

11.6 

36.44 

31 

1.175 

0.175 

85 

rj  -  6.9 

13.8 

43.35 

37 

1.17 

0.17 

122 

rig  -  8.0 

16.0 

50.26 

43 

1.17 

0.17 

165 

*7  -  9.1 

18.2 

57.2 

50 

1.144 

0.144 

215 

Man  spacing  -  fStHTtoTtSSr  "  *  1*19  *“<*«» 

neon  diameter  -  dl  *  d7  .  £&.  -  2.tP.  t.  »  11.6  inch 

- Z—~  Hd.  2 


swan  circnmference  *  1  ^mi  "  3.1416  *  H.6  •  36.44  inch 

Man  number  of  tabes  ■  ■  ■'  —  a  ^ »  *  30.71  tabes 

w*  swan  spacing  1.19 

check:  30.71  *  7  ■  215  tabes 


Humber  of  tubes  ”  215 


Bote:  radial  distance  between  centerlines  of  tubes  is  1.1  inch  and 
between  edges  of  fins  is  0.1  Inches. 


Data 


V  ■  weight  gases/nin.  at  design  conditions. 

M  "  WAIR  +  wFuei 
-  24.9  +  1.02  -  26.72  lb /min . 


tBC  -  1/337*F  Tgp  -  1,797*R 

p  3  36.9  psig  P  »  51*6  psia 

Vm  ■  molar  volume,  ft3/ lb-mole 


-  x  359  x  -  373.5  ft3/lb-mole 

^AIR  “  volumetric  flow  rate  of  air,  ft3/min. 

vAir  ■  vm  x  Hair 

-  373.5  X  0.8615  -  321.8  ft3/ain. 

yFuel  *  wruel  x  ^Fuel  x  ^  ) 

■  1.82  x  (8.58  x  ■  4.5  ft3/min. 


^A-P  "  volumetric  flow  rate  of  air-fuel  mixture 
VA-F  *  VAIR  *  yFuel 

»  321.8  +  4.5  -  326.3  ft3/min. 

yMBG  "  volumetric  flow  rate  moist  ballast  gas 

yKBG  ■  vm  *  Hair  *  (i^bo/0101®  •**■) 

-  373.5  X  0.8615  x  1.0765 
«  346.4  ft3/aia. 
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VAyQ  -  average  voluoetric  flow  rate  through  the  catalyst  bed 


▼AV0  -  TA-F  ♦  VKBO 


-  -  336.3  ft3/adn. 

(-  20,100  ft3/hr  -  5.6O6  ft3/sec) 


Average  flow  through  catalyst  bed  ■  5.6  ft^/sec. 


Favq  “  aTara6®  specific  weight 
'  +  W 

rAV0  "  VAYG 

-  0.0795  lb/ft3 
TaYG  ■  aT*raK*  specific  volnoe 

Tato-!«2.  1 


AYO 


22.6  ft3/lb 


Average  specific  volune  *12.6  ft3/lb 


Viscosities  of  gases  and  vapors  at  1,337*? 


Aax 


*  *1*1 
*  *i 


AbS  ■  (centlpolses)  x  2.42  »  yW,  lb /(ft)  (hr) 

■  0.042  centlpolses 

•Afuel  Vapor  «  0.0275  " 

/tlitrogen  »  0.039  * 

yixh  -  0.0387  " 

Water  Vapor  -  0.0335  " 
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^A-P  *  (2^.9  X  0.042  ♦  1.82  x  0.0275)  •  26.72 

*  0.041  centlpoises  -  0.0992  lb/(ft)  (hr) 

/*B0  •  (71.466  x  0.039  ♦  19.191  x  O.O387  ♦  8.723  x  O.O365  +  0.62  x  0.0275) 

7  100.00 

«  O.O3865  centlpoises  ■  0.0935  lb/(ft)  (hr) 

Avg  ■ 

2 

*  (0.0992  ♦  0.0935)  7  2  -  0.0964  lb/(ft)  (hr) 

Average  viscosity  »  0.096  lb/ft-hr 

Viscosities  of  Coolant  at  212*F 

/water  *  O.2838  centlpoises  ■  0.6868  lb/(ft)(hr) 

/tteam  «  0.013  centlpoises  ■  0.0315  lb/(ft)(hr) 

Acl»tAVG-  -—V-  °'0ja  ’  °~36  lt/(ft>  (hr) 

Thermal  Conductivities 

at  1337*F:  k^  -  0.043  BTU/(hr)(ft2)(*F/ft) 
kp-Vapor"  0.075  9 

*A-F  “  ((^>9  x  0.043  +  1.82  x  0.075)  f  26.72  -  0.045 
kB0  *  «.<*5  BTO/(hr)(ft2)(*F/ft) 
kAVG  “  O.Ck$ 

at  212 *F:  k„ter  -  0.415  FTU/(hr)(ft2)(#F/ft) 

k.teaa  *  °-0137 

kcoolant  AVG  “  (°-^5  +  0.0137)  *  2  -  0.2144  BTU/(hr) 
(ft2)CF/ft) 

316-SSs  k-13.9  BW/(hr)(ft2)(T/ft)  (at  1325*F) 
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Specific  Heats 

•t  l,337*7i  Caq  »  0.252  MU/(lb)(*7) 

cTatl-V»por  ■  ®*®55  * 

^Water-Vapor"  0.545  " 

CA-F  "  °-2^  BTU/(lb )(*7) 

<30  -0.29 
CAV0  -  0.293 

•*  212*7*  -lBTO/(lb)(*7) 

CSt«««  "  °*^5  BTU/(lb)(f) 

<W»at  AVG  "  0.73  BTO/(lb)(*7) 

Hla  Coefficient*  (hd  ■  flla  coefficient  for  deposits) 
hd  AIR  "  500  BTU/(hr)(ft2)(*F) 

*d  Fuel-Vapor  -  2,000  BTO/(far)(ft2)(*F) 

A-r  "  to000  *  i-fla  *  500  x  24.9)  r  26.72  -  602.2  Biu/(hr)(ft2)(*7) 
bd  well  ^ter  *  500  BW/(hr)(ft2)(*7) 

C.  Calculation  of  Heat  Exchange  Surface 
Assume  coribustor  is  43"  long. 

Oiantity  of  heat  to  he  transferred  *  Q 

0  ■  26,382  BTO/min  x  60  min/hr  ■  1,503,000  BW/tor 

.  Heat  doty  ■  1,583,000  BTU/hr. 

Temperature  difference  ■  At 

tj.  ■  temperature  of  aolst  ballast  gas  ■  1,337*7 
tg  ■  temperature  of  cooling  aedla  (vet  steaa)  -  212*7 
At  -  1,337  -  212  -  1,125*7 


f 
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-JL  -  AU  -  1#U07  BTU/(hr)  (*F) 

Hf  ■  number  of  fin*  per  inch  of  tubing 
Af  ■  fin  area  per  linear  ft  of  tubing 

Af  -  JL  (0Df2  -  0Dt2)  x  2  x  Nr  x  12  inch/ft 

"  X.  (l2  -  0.252)  x  2  x  U  x  12 

4 

•  70.7  inch2/ ft  -  0.491  ft2/ft 

Aq  ■  bare  tube  area  per  linear  ft  of  tubing 
A 0  -  TT  x  0Dt  x  12  inch/ft  <1-Nf  x  thf) 

-  TX  x  0.25  x  12  (1-4  x  0.035) 

«*  8.1  inch2/ft  -  O.0563  ftg/ft 

Pp  ■  projected  perimeter  of  tubing  per  linear  ft  of  tubing 
Pp  -  2  x  bf  x  2  x  Nf  x  12  ♦  2  (12  -  x  thf  x  12) 

-  2  x  0.375  x2x4xl2+2  (12-4  x  0.035  x  12) 

-  92.64  inch/ft  -  7.72  ft/ft 
■  equivalent  diameter  tubing 

de  •  2  tAf  +  *0) 

IT  x  Pp 

.  2  (70.7  ♦  8.1) 

77 x  92.64 

»  0.54  inch  ■  0.045  ft 
a#  ■  flow  area  "in  duct" 

ag  ■  cro*8-*ection  area  duct  -  projected  area  tubes 

«  Hd  x  bd  -  x  0Dt  x  bd  -  (2  x  thj  x  bf  x  x  bd) 

■  bd  [«d  “  Nt/b  <OTt  +  2  *  «*f  *  bf  *  Rf 0 
where: 

bd  *  duct  width,  inch  ■  length  of  combustor  •  43  inch 


✓ 
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Xd  ■  duct  height,  inch  *^’<S1Ma  •  36. inch 

■t/*b  -  nuabsr  tubes  per  bunk  »  ^  mtaxfa  -  30.71  tubes 

e,  -  »>3^6.W»  -  30.71  (0.25  ♦  2  x  0.035  *  0.375  x  4)] 

-  1098  inch2  -  7.62  ft2 


0. 


■  mss  velocity  of  fluid  "in  duct" 


'  0. 


•  W  lb /hr 
•a  ft?” 


1603.2 

7.62 

-  210  lb/(hr)(ft2) 


ReB  *  Reynolds  nueber  of  fluid  "in  duct" 


Re,  -  ^e  *  °s 


O.OU5  x  210 

~Q.O& - 


■  £8  (dlnenslonless) 

Jvf  •  beet  transfer  factor  for  transverse  fins 

(2) 

ihf  ■ 


hf  -  film  coefficient  for  transverse  fins 

*f  "  -hif  (£-£iL  )  0s  (0,-1  for  gases) 


h '  ■  file  coefficient  far  transverse  fins  with  fouling  correction 
r  (h^o  -  outside  dirt  factor) 


h'-  hf  *  ^o 
bf  ♦  b^o 

_  h.  62  x  602.2 

V.6i  ♦  602.2 


-  b.98BT0/(hr)(ft2)(*7) 
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fin  efficiency 
»  half-thickness  of  fin 


0.03? 

2 

0.0175  inch  ■  0.001H6  ft 


(r* '  ss) 


0.5  -  0.12; 
12 


1  4.58 

13.92  x  O.OOIU 


I*  _  0. 


“  0325*  U  (See  Figure? -4) 

■  0.86  (from  appropriate  graph 


■  interior  area  of  tubing  per  linear  ft  tubing 

■  T  x  IDt  x  12 

■  1  :  0.21  x  12 

-  7-92  inch2/ft  -  0.055  ftg/ft 

h*  •  film  coefficient  for  transverse  fins  corrected  to  the 
Yi  inside  surface  of  tube  (already  corrected  for  dirt 

factor ) 

t 

kfl  *  (SLx  kf  +  A q)  ilL 

&i  U.58 

-  (0.86  x  0.491  +  0.0563)  q^55 


■  film  coefficient  for  interior  of  tubing 

Por  vaporization  of  water  and  based  on  (Ref.  4)  extrapolated 
hi  -  ^22  BTU/ (hr )  ( ft2  )  ( *F ) 

h^i  ■  dirt  factor  for  interior  of  tubing 

For  vaporization  of  water  hdi  ■  500  BTU/(hr)(ft2)(*F) 
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ha  ■  flla  coefficient  for  interior  of  toblng  corrected  for  the 
dirt  factor 

>• .  iLlhk 
1  ***„ 


ft '  f 


Vpi  ■  overall  design  coefficient  of  heat  transfer  based  on  the 
interior  surface  of  tubing 

UDi  -  hfi  x  hi 

4  i  +  If 

-  ^0  *  196 
1+6  ♦19o 

-  33-22  BTU/(hr)(ft2)(*f) 


Overall  design  coefficient  *  33.2  BTU/hr-ft2-*F 


A*  -  total  heat  transfer  area,  based  on  the  interior  surface 
of  tubing 

4  -  A  t 

AiOpi 

*  *  Al"  ^ 

-  3^07.1  -  1+2.36  ft® 

33.22 


Repaired  area,  interior  of  coils  ■  1+2.1+  ft2 


L  »  total  length  of  tubing 
v.  «  ft? _ 


«  total  number  of  tubes 

Nxt  *  i-  (Total  length) 

bd  (reactor  length  J 

770 

1*3  :  12 
*  214.8  tubes 

!  Number  of  tubes  *  215 


Thu 3,  the  chosen  215  tubes  satisfy  'the  requirements  for  the  heat 
transfer  surface.  - 


D.  Volume  of  Catalyst  Bed 

(S'  .  ■  Volume  occupied  by  1  linear  foot  of  tubing 
C  2 

LTt  -  -ff-y*.  x  12  +  4  (OD2  -  0Dt2)  JL  *  thf  x  12 

**  1.826  inch3/ft 


Vt  »  total  volume  occupied  by  the  tubing 
vt  a  crt  x  hk  X  bd  (ft) 

-  1.826  X  215  x  (43  7  12) 

«  l407  lnch^ 

If'.  ■  vol.  for  1  foot  of  heating  element  » 

Q 


X  X  ODtp 

- 5 - 


x  12 


-  ?  x  12 

-  0.3314  inch^/ft 

Vjj  ■  volume  occupied  by  the  heating  elements 

vh  "  ^h  *  *h  *  hd  (ft) 

-  0.33134  x  30  x  43/12 
*  35.6  inch3 


265 


Vc  ■  volume  of  catalyst 

was  calculated  and  Indicated  In  Section  V-6-h 
Vc  -  0.3513  ft3  -  607  inch* 

Volume  of  catalyst  *  607  in3 

Thus,  for  total  volume 

Vt  ♦  vh  +  vc  >1,407  +  35.6  ♦  607  -  2,050  inch3 


But  from  geometrical  considerations : 

VR  *  volume  of  annular  catalyst  bed 

Vs  -TT  (r^gj  -  r2g0)  x  bd  (inches) 

-  IT  (9.62  -  1.68752)  x  43 

-  10,053  inch3 

Volume  of  bed  for  assumed  tube  spacing  -  10,050  inch* 


It  is  readily  seen  that  the  volume  of  the  catalyst  bed  is  such  larger 
than  that  required  by  the  tubing,  heating  elements  and  the  catalyst.  Con* 
sequently,  the  catalyst  has  to  be  "diluted ",  preferably  with  a  low  bulk 
density  and  high  conductivity  material  (its  particles  should  be  the  same  else 
and  shape  as  the  catalyst  extrudates). 

VCD  "  vo*une  °*  catalyst  diluent 
Vq)  -  VR  -  (Vt  +  Vh  +  Vc) 

»  10,050  -  2,050 

■  8,000  inch3  ■  4.63  ft3 


Volume  of  diluent  *4.63  ft3 


It  should  be  noted  that  the  heat  exchange  surface  is  not  optimised. 
Further  optimization  and  experimental  data  on  catalyst  bed  cooling  may  yield 
a  smaller  heat  transfer  area  and  mailer  catalyst  bed  volume,  resulting  in 
reduced  requirement  for  diluent.  Use  of  a  specially  develcped  catalyst, 
capable  of  withstanding  hi&er  temperatures  than  Catalyst  A  and/or  tubing 
with  folly  optimized  fin  design,  ctn  be  expected  to  result  in  a  significantly 
smaller  catalyst  bed. 
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E.  Fuel  Preheating  Pipe 

The  pipe  is  l/8"  IPS  schedule  5>  316-SS 

ODt  -  0.1*05  inch  wall  =  0.035  inch  H>t  *  °»335  inch 

Fins:  height  ■  bf  ■  0.1  inch 

thickness  »  thf  =  0.035  inch 

■  8  transverse  fins  per  inch  linear. 

IKTD  .  858*F 

Average  temperature  BO  «*  1337*7 
Average  temperature  fuel  ■  475 *F 
|1F  ■  0.46  lb/(ft)(hr) 

CpF  -  0.703  BTU/(lb)(*F) 
kF  -  0.0701  BT0/(hr)(ft2)(*F/ft) 

-  39.2  lh/ft3 
SF  -  y^/62.4  -  0.629 

hdp  -  250  BT0/(hr)(ft2)CF) 

¥p  -  1.82  x  60  ■  109.2  lb/hr 
Q  rn  328  x  60  -  19,680  BTU/hr 
Af  -  0.2115  ft2/ft  lin. 

Aq  ■  0.0764  ft2/ft  lin. 

Pp  ■  4.64  ft 
d*  »  0.0395  ft 
aB  -  0.0797  ft2 
Wa  -  17.6  Ih/hr 
0B  -  221  lb/ (hr) (ft2) 

Rea  -  94 

jt  -  2.6(2  ) 

(c/^/k)1/3  -  1.82 
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bf  -  5.4  BIU/(hr)(ft2)(*p) 

*ds  -  602  BTO/(hr)(ft2)(*y) 

-  5.35  BW/(hr)(ft2)(*y) 

H  -  0.0006  ft2 

det  -  0.028  ft 
0t  -  178,400  lb/ (hr) (ft2) 

»«t  -  11,000 

Jt  -  39(  5  ) 

(c^/k)V3  -1.663 

-  162.4  BT0/(hr)(ft2)(*P) 
h’ti  -  98.45  BTU/(hr)(ft2)(*r) 

*t  -  12.35  BTU/(hr)(ft2)C?/ft) 
lb  •  0.00146  ft 
re/rb  *  X*5 

(re  “  *“b)  (b^At  lb)^  *  0.144 
-A  «  0.99^  3) 

*i  -  0.0&77  ft2/ft  lin. 
h’fl  -  17.4  BTO/(hr)(ft2)(*f) 

<>M.  *  X  ><tl  .  14.8  BTU/(br)(ft2)(1’) 

*  fl  *  h  tl  _ 

Design  coefficient  -  14.8  BT0/hr-ft2-*P 

*i  ■  ^St  -  irffi-ften  "  1-55ft2 


Internal  pipe  area  ■  I.55  ft^ 


ai  "  o!o877  * 


Total  pipe  length  -  I7.tt  ft  j 


268 


Thus i  about  5  passes  inside  annulus  A. 
Weight  -  0.263  *  17.8  Ox  0.1U  -  5  lb. 

Weight  of  preheating  pipe  •  5  lb.  I 


F.  Pressure  Drop 

As  mentioned  previously,  both  streams  reach  the  inlet  to  the  combustor 
"core"  vith  a  pressure  of  37.53  psig  (52.23  psia). 

Pressure  loss  in  inner  perforated  tube  of  the  "core" 

Cross-section  area  ■  ^  ID^2  *  £  1.2182  ■  1.165  inch2  »  O.OO809  ft.2 

Effective  diameter  =*  d^  *  ID^/12  *  0.1015  ft. 

Mass  velocity  S  Git  ■  W/A  -  138/0.00609  -  17,200  lb./(hr.)  (ft.2) 

0.026  centipois®  x  2.42  *  O.O63  lb. /(ft.)  (hr.)  (at  1012°F.) 

Re  "  det  x  Git^  “  0,1015  x  17 » 200/0.063  -  27,700 
friction  factor,  f  -  0.000235  ^ 

Molecular  volume  -  Va  «  (14.7/492)  x  359  x  (1472/52.23)  *  302.5  ft.3/lb.  mole 
Air  flow  rate  =  VA^r  «  302.5  *  (0.48/28.9)  *  5.0  ft.3/min 
Specific  volume  of  fuel  vapor  *  7  ft.3/lb.  at  1012°?.  and  l4.?  pcia 
Fuel  vapor  flow  rate  -  7  x  1.82  x  (14.7/52.23)  «  3j6  ft.3/min. 

Total  flew  rate  VT  *  5,0  ♦  3»  6  *  8.6  ft.3/min. 

Weight  flew  rate  ®  0.48  +  1.82  ®  2.30  lb. /min.  »  138  lb. /hr. 

Density  mix.  *  2.30/8.6  ■  O.267  lb. /ft. 3 

Specific  volume  mixture  «  8.6/2. 30  »  3.74  ft.3/lb. 

Specific  gravity  related  to  water  ®  S^  =y^/62.4  ®  0.267/62.4  *  0.00428 

f  x  Git2  x  L 

AP  *  5.22  r  1010  %  dS  x  Si  0t  «t  *  » 

a  0,000235  X  17.2002  X  4 

5.22  x  10i0  x  0.1015  x  0,00428 

AP  *  0.012  psi 


Pressure  drop  within  inner  core  •  0.012  psi 


The  pressure  loss  through  the  perforations  was  calculated  by  the 
method  used  for  screens  (shown  later)  yielding  AP  ■  0.0001  psi  (negligible). 
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Pressure  lo»t  la  outer  perforated  pipe  of  the  "core" 

Since  it  carries  the  rest  of  the  air  plus  the  fuel-air  mixture  froa 
the  inner  perforated  tube,  the  pressure  loss  in  this  annulus  is  calculated 
for  the  total  aixture. 

Cross-section  area  of  annulus  «  Aa  ■*]£-  (iDg^-  CD^2)  «*|T  (2.932-1.252) 

■  5»515  inch2  -  0.0383  ft2 

Effective  diameter  ■  ■  H>0  -  (%  ■  2.93-1.25  «  1.68  Inch  »  0.14  ft 

Mass  velocity  -  Ga  «  v/Aa  -  1,603.2/0.0383  -  41,900  lb/(hr)(ftg) 

1A.V  m  (0.037  x  24.9  ♦  0.086  x  1.82)  A  26.72  -  0.0363  centipoises 
x  2.42  -  0.0877  lb/ (ft) (hr) 

B«  -  dea  -  0.14  x  4l,900/0.0&77  ■  66,800 

f  -  0.006^  7  ^ 

VT  -  VaIR  +  VF-Yapor  "  302.5  *  0,8615  +  1,97  *  262,6  ft3Ma- 
^  -  26.72/262.6  -  0.102  lb/ft3 

AF. . 

2  g/>2  ^a 

„  4  x  0.006  x  4lt900g  x  4 _ 

2  x  (4.18  x  lot;  x  (0.102 )y  x  0.l4 

A?a  »  145  ft 

Telocity  *  V  »  Yj/60  A^  ■  262,6/(60  x  0.0383)  *  114.3  ffcs 
Fi  »  3  Y2^  g  -  3  x  ll4.32/64.4  -  609  ft 

ap.  -  vah 

-  (It;  ♦  6°9)  x  0.103 

144 


APa  «  0.533  psl 

boss  through  the  perforations  Is  0.0015  psl, thus,  the  total  pressure  loss 
is  0.534  psi. 

A  P  in  outer  pipe  of  core  ■  0.55  P*i 

Consequently,  the  mixture  readies  the  inner  screen  with  36.98  psig  (51.68  psia). 
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Pressure  loss  In  the  Inner  screen 


The  calculation  procedure  eaployed  below  is  frees  Milti-Metal  Wire  Cloth, 
Inc.  (Tappan,  New  York). 

M  *  aesh  ■  10 

D*  •  wire  dianeter,  inch  “  0.04l" 

Opening  siz»;,  inch  ■  0.059" 

%  open  area  *  34.8 

a  -  (l-M  x  Dm)2  «  (1-10  x  0.041)2  ■  0.348 

DQ  *  [(1/M)  -  Dw]  -  [(1  :  10)  -  0.04l]  -  0.059 

A-  [(1-a2)  i  a2]  -  [(1-0.3482)  *  0.3482]  -  7.253 

B  -  D0  f  a  -  0.059  f  0.348  -  0.1695 

dL-  0.00674A  -  0.00674  x  7.253  ■  0.05 

^  «  7740B  ■  7740  x  0.1695  *  1312 

Vm  -  (14.7/492)  x  359  x  (1472/51.68)  -  305.4  ft3/lb-«ole 
VAIR  *  vn  x  0.8615  *  263.1  ft3/min. 

VF-Vapor  "  1*82  X  7  (14.7/51.68)  -  3.62  ft3/ndn. 

VT  »  263.1  +  3.62  -  266.7  ft3/nin  -  4.445  ft3/scc. 
f  «  26.72/266.7  -  0.10018  lb/ft3  .  0,00161  g/cc 
^  ■  O.O36  centipoises 

As  »  screen  area  «2  L/l44  »  2*IT  x  1.68  x  43/144  - 

V  *  flow  velocity  ■  Vj/As  ■  4.445/3*15  *  l»4l  ft/sec 

Re  .  tlL  ,  1?12  x  1.41  X  0.00161  .  82  5 

A  0.036 

C  ■  factor  from  the  supplied  graph  ■  0.92_ 

Ap  -  4JL£. 

C2  o 

»  0.05  x  0.00161  x  1.263* 

0.922 

■  <0.0002  psi 

I  Pressure  drop  at  inner  screen  is  negligible  I 
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13L  *  equivalent  particlo  diameter  (that  is,  di (meter  of  an 
'  equivalent  sphere). 

for  cylindrical  extrudatea 

®P  * 

I  I 

d  ■  cylinder  diameter  ■  l/l 6  inch  ■  0.0052  ft 
1  •  cylinder  length  »  1/8  inch  ■  0.0104  ft 


53552  +  o3I3T 


-  0.00625  ft 


The  formula  to  use  for  A  P  depends  on  type  of  flow,  laminar  or  turbulent. 
Since  we  have  laminar  flow  (Re  *  14 ),  the  formula  to  use  is 

Ap  .  ptl 

144  Dp2 


where 


L  ■  bed  thickness  (including  diluent)  ■  8  inch  ■  0.67  ft 

Af  m  vail  effect  factor  *  1 

fk  •  average  viscosity  ■  0.0000268  lb/(ft)(sec) 

VQ  •  velocity  through  empty  bed  ■  0,74  fps 
A»  -  53  x  0.0000268  X  0.67  x  1  x  0.74 

P  - lWx  To.  00^25"^ - 

Ap  -  0.12  psl 


Pressure  drop  through  bed  ■  0.12  psl 


In  addition  to  the  pressure  loss  through  the  particles,  the  Ap  due  to 
frictional  surface  of  the  tubes  was  calculated  (method  shown  in  HE  #1;  duct 
side  AP).  It  amounts  to  0.00003  psi,  which  is  negligible. 

The  pressure  of  the  moist  ballast  gas  reaching  the  outer  screen  is 
36.07  psig  (51.57  psia). 


Pressure 


through  the  outer  screen 


Calculations,  as  outlined  for  the  inner  screen,  yield  a  pressure  loss 
of  0.00013  psi  (negligible).  Even  if  a  double  outer  screen  is  used,  the 
pressure  loss  remains  negligible. 
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Pressure  drop  in  Annulus  A  (see  Figure  3*0 


IDj^  -  2  tqqq  ■  2  x  9.8  *  19.6  inch 
OD^  »  2  *  21.0  inch 

F yA  ■  wetted  perimeter  *»  X  (ID^  +  OD^)  *  (19.6  ♦  21)  ■ 

127.55  inch  *  10.63  ft. 

»  flow  area  in  annulus  *  7T  (OD^2  -  ID^2)  •  4  ■  V  (212-19.62)  1  4  • 

44.65  inch2  «  0.31  ft2 

deA  *  equivalent  diameter  ■  4  A^a/P^  «  (4  x  0.3l)/l0.63  *  0.117  ft 

«  mass  velocity  «  W/AaA  ■  1603 . 2/0.31  »  5*172  lb/(hr)(ft2) 

Re**  -  deA  x  G ^f/X  -  0.11667  x  5/172/0.0935  -  6,450 
fA  «  0.0023^8^ 

S  «  f/62.4  -  0.0771/62.4  =  0.00124 

*  1 

.  f A  *  GaA2  x  Ia _  0.0023  x  5,1722  x  3.58 

P  *  5.22  x  1010  x  dea  x  S  x  0a  *  5.22  x  10l°  x  0.117  x  0.00124 

AP  *•  0.030  psi 

P  in  Annulus  A  ■  0.03  psi 

For  the  converging  annulus  (or  cone)  a  pressure  loss  of  2$  is  assisted. 

Thus 

0.02  x  36.8  -  0.74  psi 

Thus,  the  moist  hot  ballast  gas  leaves  the  reactor  under  a  pressure 
of  36.I  psig  (50.8  psia). 


Exit  pressure  *  36.1  psig 


G.  Combustor  Jacket  for  Air  Preheat 

The  idea  of  surrounding  the  combustor  with  an  annular  jacket  for 
preheating  combustion  air  was  abandoned  after  calculations  showed  that  even 
with  finned  coils  only  about  4£  of  the  total  heat  required  by  the  air  could 
be  transferred  in  a  reasonably-sized  annulus.  A  large  annulus  is  Objectionable 
because  it  causes  cm  excessive  expansion  of  the  coabustion  gases.  An  outer 
air  jacket  might  be  considered  as  a  means  of  cooling  the  outside  wall  of  the 
combustor,  but  is  not  included  in  this  study. 
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H.  Combustor  Weight  (all  parti  of  316-SS  except  aa  noted) 


Inner  core  tube 

0.216  lb/ft  x  3.583  ft 

• 

1  lb 

(liter  core  tube 

1.134  "  x  3.583  ft 

m 

4 

Inner  screens  (2) 

3.013  "  x  3.583  ft 

m 

31 

Catalyst 

0.3513  ft3  x  40.6  lb/ft3 

m 

14 

Catalyst  diluent 

4.63  ft3  x  25  " 

m 

13£ 

Cooling  tubing 

0.409  lb/ft  x  790  ft 

m 

323 

Outer  screens  (2) 

17.391  lb/ft  x  3.583  ft 

9 

62 

Outer  wall*  (0.125” 
thick) 

29.4  lb/ft  x  4.583  ft 

m 

135 

Outlet  connection 

Fuel  Preheating  tubing 

Std.  4"  IPS  pipe 

m 

11 

5 

Heating  elements 

Total 

12 

zw 

Total  weight  of  combustor  *  694  lb 


V.  Heat  Exchanger  Ho.  1  (HE  1) 

Cooling  of  moist  ballast  gas  leaving  the  combustor  and  preheating  of 
incoming  combustion  air  are  accomplished  in  HE  1.  The  moist  ballast  gas, 
which  is  hotter,  is  placed  inside  the  tubes,  so  that  the  outer  shell  wall 
thickness  ia  based  on  the  cooler  air  stream.  (For  Hastelloy  C,  the  design 
tensile  strength  is  24,500  pai  at  the  exit  air  temperature,  as  compared  to 
20,700  psi  at  entering  BG  temperature.) 

A.  Assumptions 

Duct:  2  x  2  ft  (inside)  (bd  ■  2  ft  I4  *  2  ft) 

Tubing:  00^  ■  1  inch  wall  -  O.O35  inch  ID^  *  0.93  inch 
Fins:  height  ■  bf  ■  0.5  inch  thickness  ■  th^  “0.035  inch 
Hf  -  8  transverse  fins  per  linear  inch  tubing 
re  ■  1  inch  rb  ■  0.5  inch  0Df  »  2  inch 
Tube  banks:  Ht/bl  ■  12  tubes 

and  H^/b2  ■  11  tubes  in  alternate  banks 

■1  ft  length  added  for  the  converging  cone.  Made  of  Hastelloy  C. 


Triangular  pitch: 


•  wlomeWi'c  tccKaw 

V$  *  2  coi  30* 

v>»  l.73£  fuJL 

Figure  F-6.  Arrangement  of  Finned 
Tube*  in  HE  1 


B.  Heat  Exchange  Surface 

Q  -  5,573  BTO/min  -  33MOO  BTU/hr 
Air  ■  enters  at  250*F  ■  t3 

leaves  at  1, 112*F  -  ti* 

Moist  BG:  enters  at  1, 337*F  ■  t^ 
leaves  at  558*F  -  t2 
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Hot  Fluid 

Cold  Fluid 

Difference 

ti  -  1#337*F 

Higher  temperature 

tu  -  i,122*F 

tj-tij  -  225 *F  -  Ath 

t2  -  558 *F 

Lover  temperature 

t3  -  250*F 

t2-t3  -  308*F  -  Atc 

trt2  -  779 *F 

Difference 

t^-tj  -  862*F 

83*F 

1.  Mean  temperature  difference 


DOS  - 


Ate  -  A  ty, 


2.3  log 


A  tft 

Ath 


\ 

) 

| 

{ 


308  -225 


R 


2.3  log 

tl  ~  ^2 
*4  "  t3 

z.h 

ti  - 13 


308 

225 


»  26' *F 


0.9 


862 

1.337-255 


0.8 


Ft  -  0.50&> 

At  -  FT  s  DfTD  -  0.5  *  263  -  132*F 

Mean  temp,  difference  ■  132*F 


2.  Caloric  temperatures  of  the  fluids 

1.37 


A^c 

Ath 


308 

225 


assuming  Kg  ■  1 

Fc  -  0.47* 10 * 

T  *  caloric  temperature  of  BG  (mean  for 
c 

7C  ■  t2  +  Fc  (t!-t2) 

-  558  +  0.47  (1337-558)  -  924  *F 


EE  1) 
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tc  ■  caloric  temperature  of  air  (mean  for  HE  l) 
tc  -  t3  +  Fc  (t4  -  t3) 

-  250  +  0.47  (1,112-250)  -  68l*F 
3.  Data  at  above  temperatures 

BO  at  924  *F  and  50.7  psia 
/(Bc  "  0.0774  W(tt)(hr) 

Cp  »  0.267  BTU/(lb)(*F) 
kgg  -  0.035  BTU/(hr)(ft2)('F/ft)  . 
fit  *  1 

VM  -  292.8  ft3/lb-mole 
VgQ  -  271.5  cfm  -  4.525  cfs 
O.098U  lb/ft2 
%  -  /°/62.U  *  0.001577 
(c/bgAbg>1/3  -  0.8k 
Air  at  68l*F  and  64  psia 

-  0.075  lb/(ft)(hr) 

-  0.254  BTU/{lb){*F) 

-  0.0282  BTU/(hr)(ft2)(*F/ft) 

-  1 

»  171.5  ft^/lb-mole 

■  147.8  cftn  ■  2.463  cfs 

-  0.168  lb/ft3 

-  0.0027 

■  O.878 

Af  ■  fin  area  per  linear  foot  of  tubing 
Af  -  Ij.  (0D§  -  auf )  z  2  If  z  12 

■  TT  (2s-!2)  x  2  x  8  x  3  -  452.4  inch2/ft  -  3.14  ft2/ft 


A 

s 

*a 

VH 

VAIR 


(c^aAa)173 
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Aj,  ■  bare  tube  area  per  lineal  foot 
Aq  ■  ▼  x  0Dt  x  12  (1-llf  x  thf) 

•  T  x  1  x  12  (1-8  x  0.035)  -  27.1k  inch2/ft  -  0.189  ftg/ft 
Pp  ■  projected  perineter  of  tubing,  feet  per  lineal  foot 
Pp  -  2  x  bf  x  2  x  »f  x  12  ♦  2  (32  -  Hf  x  thf  x  12) 

*  2  x  0.5  *2x8x12  +  2  (12  -  8  x  0.035  x  12) 

-  209.3  lnch/ft  -  17.44  ft /ft 
dea  ■  equivalent  diameter  of  tubing 

deg  »  2  (Af  *  Ao) 

T  x  Pp 

-  2  (3.1k  +  0.189)  7  (TT  x  17.44)  -  0.122  ft 
A,  -  flow  area  in  duct 

A*  ■  12  bd  [12  1^  -  (QDfc  ♦  2  x  Hf  x  %  x  bf )] 

■  12x2^12x2-12  (1  +  2  x  8  x  0.035  x  0.5)  ] 

-  207.4  inch2  -  1.44  ft2 

Flow  area  In  duct  ■  1.44  ft2 


4.  Itact  aide:  air 
mass  velocity,  G, 

0,  -  W8/A„  -  24.9  x  60/1.44  ■  1038  lb/(ft2)(hr) 
Reynolds  number,  Re8 


Re,  •  de*  x  -  0.122  x  1,038/0.075  -  1,700 

heat  transfer  factor,  Jf 


Jf  -  20(2) 

hf  ■  Jf  (coefficient  for  transverse  fins) 

-  20  x  O.878  x  1  -  4.08  BTO/(hr)(ftg)(*y) 
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Fouling  factor  ■  Ra0  ■  0.003 

hd,  -  1/Rdo  “  333  BTU/(hr){ft2)(*F) 

coefficient  vith  correction  for  fouling* 

hf'  "  33^  "  4,04  ww/<toKft2)^) 


Corrected  coefficient*  duct  aide  ■  4.04  ditto 

5.  Inside  tubes  -  mist  BG 

*t-  f-n*-  f*  0.932  -  0.68  inch2  »  0.00472  ftS/tube 
Vb  ■  *t  ^/bl  *  0,68  x  12  a  8*16  inch2  *  0.0367  ftg/bank 
det  -  H)t/12  -  0.93/12  •  0.0775  ft 

Bet  -  »  °t  .  0.077;  >  28,300  .  28,300 

^B0  0.077U 

-  93  <5  » 


hi  *  Jhi  ~  / Q^bgN1/8  ^ 
t  \  kBG  / 

"  93  §35775  °*84  x  1  ■ 

hdi  -  608  BTU/(hr)(ft2)(*F) 

hd  “  -1. -.JV11.  -  33.U  BTU/(hr)(ft2)(*F) 

hi  +  hdi 


Corrected  coefficient*  tube  side  ■  33.4  BUJ /hr -ft2- *7 


6.  Overall  design  coefficient*  heat  transfer  surface  and  number  of  banks 


r«  ■  outer  radius  of  fin 


rjj  ■  inner  radius  of  fin 


x*  0.5  = 

7b  "  ^f/2  *  0.035/2  -  0.0175  inch  -  0.00146  ft 


« 

j 


1 

\ 

i 


Kfc  •  conductivity  of  fin  *11.8  BTU/hr-ft2-*F-ft 

(r.-r^X^Atlt)0-5  - 

E5'  (  il.T'rfoffiKs)  0-5  • 

fin  efficiency  ■  -fX. 

-/TX.  -  0.85^ 

Aj  ■  interior  surface  per  linear  foot 

A*  •  If  E>t  x  12  -  Tx  0.93  x  12  -  35.06  inch2/ft  -  O.S44  ftg/ft 
Corrected  fila  coefficient, 

“n  "  (Six  A,  ♦  A0)  hjyAi 


-  (0.85  x  3.14  +  0.189)  4.04/0.244 

-  47.5  BTU/(hr)(ft2)(*F) 

Coefficient  for  transverse  fins  corrected  to  internal 
surface  of  tubing  *  47.5  BTU/hr-ft2-*F 


^Di-hfiXhi 

*;i+>; 


47.5  +  33.4 


Overall  design  coefficient  -  19.6  BIU/(hr)(fta)(“F) 


.  ,  Q  334,400 

***  %At  "  i9.6  X  132 


Internal  tubing  area  »  129  ft2 


| 

i 

!• 
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Ai/b  “  [°*5  0»t/bl  +  Mt/b2)]  *i  *  *b  “  bd* 

-  [0.5  (12  ♦  11)]  0.2435  x  2  -  5.6  ftg/bank 
number  of  bank*  ■  •  AiT/^ib 

-  129  7  5.6 

Number  of  bank*  ■  23  I 


C.  Pressure  Drop 

1.  Duct  Side:  Air 


VKF  ■  net  free  volume 


V  -  hd  *  »d  *  V,  -  i  (BtM  ♦  *t/ba)  p  jjj  [OD?  ♦  thf 
x  lff(OD|-OD^)] 

-  2  x  2  x  -  |  (12  +  11)  f  ^  [l2  +  0.035  x  8  (2s-!2)] 


Sp  ■  frictional  surface  (duct  vails  may  be  neglected) 
S,  -  1/2  OVb!  ♦  Ht/b2)  *  (Af  ♦  Aq)  x  bfl 

-  1/2  (12  +  11)  (3.14  +  0.189)  2  -  76.6  ftg 


De’y  ■  volumetric  equivalent  diameter 


D' 

ev 


JLSBL 


8p  76.6 

G,  -  1038  lb/(hr)(ft2) 

Re  »  Dev  G*  .0.0187  x  1.038  .  260 

Ak  0.075 

f  -  0.004*2) 

Dp  ■  length  of  path 


*.«■■<>•  ??73  .  0.0187  ft 


mp-i -Ji  ■»  X 
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Lp  -  »*,  x  V,  -  23  x  hm  .  3.3i»  ft 


-  *  l-W8?  *  3.34  x  0.417  x  1 

5.22  x  l(Hu  x  0.01^7  x  0.0027  x  1 


Air  pressure  drop  ■  0.0023  P«i  (negligible) 


The  above  excludes  the  gradual  enlargement  and  contraction  losses 
in  the  duct. 

It  is  assumed  (Table  XIV)  that  air  leaves  the  engines  with  53  psig 
(67.7  psia).  Further ,  it  is  assumed  that  the  loss  between  the  engine  and 
HE  1  is  0.7;  thus  air  reaches  HE  1  at  52.3  psig.  Loss  in  the  diverging  cone 
is  about  8 i  of  this  pressure,  or  about  4  psl,  and  in  the  converging  cone  is 
2*  or  1  psi.  Thus: 


total  air  pressure  loss  *  5  psi 
air  leaves  HE  1  at  47.3  psig  (62  psia) 


2.  Tube  Side:  Moist  BG 

At,  Afc  •  j,  det*  Gt  and  are  the  same  as  calculated  for  heat 

transfer. 

f  -  0,0002(6) 

A  f  x  of  x  Lb  x  Hfe 

°  PBG  *  5.22  x  l6^u  x  de*  x  S*  x  ^ 


(It  «bd) 


0.0002  x  (28,300)2  x  S  x  23 
"  5.22  X  1010  x  0.0775  x  0.001577  x  1 

■  1.16  psi 


Pressure  drop,  JO  in  tubes  -  1.16  psi 


Li  Addition  to  the  loss  in  straight  part*  of  the  tubes  there 
are  the  losses  due  to  the  return  bends,  of  which  there  Are  22,  and  the 
two  headers.  A  return  bend  of  1"  OD  tubing  is  equivalent  to  5.5  ft  of 
straight  tubing.  It  is  assumed  that  the  sane  is  valid  for  the  headers. 
Consequently:  ' 

(22  ♦  2)  x  5.5  -  132  ft  straight  tubing 
The  Above  APfig  is  for  2  x  23  ■  1*6  ft  of  straight  tubing,  thus 

Apbends  "  agl£—  -  3.33  psi 
The  total  pressure  loss  for  BO  in  HE  1  ia 

ApT-BG  *  +  3-33 

Total  A?  for  BO  ■  U,l*9  psi 

Thus,  BO  leaves  HE  1  at  31.6  pslg  (46.3  psla). 

D.  Dimensions  and  Weight 

Inside  dimensions  of  HE  1  are  2  x  2  ft 
Wall  thickness,  for  Haatelloy  C,  is  3/16" 

Length  of  duct  is  3.31*  +2x1-  5-31*  ft 
(includes  1  ft  on  each  end  for  transition  cooes) 

Duct:  217.7  inchVft  x  0.296  lb/inch3  -  6k M  lb/ft 
Tubing  (including  return  bends)  ■  62  #/bank  (for  316-SS) 

Thus: 

Duct:  5  x  61».1U*  -  328  11> 

Tubing:  23  x  62  ■  1,1*26 

Total  lb 


Motet  The  weight  la  baaed  on  uae  of  Hastelloy  C  aa  the  material  of 
construction,  and  on  incomplete  opt imitation  of  fine  and  tubea.  Choice 
of  a  lighter  weight  fin  and  tube  material  of  equivalent  strength  would 
reduce  the  weight  proportionally. 

VI.  Beat  Exchangers  Mo.  2  and  3  (HE  2  and  HE  3) 

These  are  combined  in  one  duct  containing  two  "coils",  one  using  fuel 
and  the  other  water.  Between  the  two  sections  there  is  an  "orifice"  which 
actually  is  a  dam  1"  high  extending  from  all  walls  of  the  duct.  This  dam 
prevents  the  condensed  water  in  EE  3  from  entering  the  fuel-cooled  section 
(HE  2).  At  both  ends  of  the  water-cooled  section  there  are  provisions  for 
draining  off  the  condensed  water. 

A.  General 

Ballast  gas  is  on  the  duct  side. 

The  duct  is  1  x  1  ft 

Tubing:  GD*  •  0.5"  wall  ■  0.01"  U>t  •  0.48" 

Pina:  bf  ■  0.25"  thj  -  0.035  Mf  ■  8  fins/inch 

Construction:  alternate  banks  in  triangular  pitch 
*t/bl  "  *2  "t/b2  *  n 

Sj  -  1*  ^  -  1"  V,  -  0.866* 

Other  values,  as  in  previous  parts  of  this  Appendix: 

Af  «  0.7854  ft2/ft  lin. 

Aq  -  0.0943  ft2/ft  lin. 

-  9.44  ft/ft  lin. 

P 

de,j  *  6.06  ft 
ad  ■  0.36  ft2 
Gd  -  4,450  lb/(hr)(ft2) 

Tb  =  0.00146  ft 
re  "  *b  “  0.0208  ft 
reAb  -  2 
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Vjjy  -  0.01*33  ft  3  (per  banX) 

Sy  ■  10. 12  ft®  (per  banX ) 

De‘y  -  0.0171  ft 

(De,v/ST)0-U  -  0.531 
(Si/St)0-6  -  1.0 
B.  Fuel-Cooled  Section  (HE  2) 

1.  Heat  Transfer 

Q  -  1,598  BTU/min  -  95,900  BTU/hr 
Wp  ■  52  lb/oin  ■  3»120  lb/hr 


Hot  Fluid  (BO) 

Cold  Fluid  (Fuel) 

Difference 

558*F 

Hitler  temperature 

350*F 

208*F 

3U0*F 

Lover  temperature 

300*F 

40*F 

210*F 

Difference 

50*F 

168*F 

IMTD  -  102 *F  R  -  U.36  8  *  0.2  Ft  -  0.92*  9  * 

At-  0.92  IMTD  -  94 *F 

A  tc/Ath  -  0.192  Kc  -  0.09  Fc  -  0.36(  10) 
caloric  (mean)  temperature  of  BG,  Tc  -  4l9*F 

caloric  (mean)  temperature  of  fuel,  tc  -  3l8*F 
for  fuel  at  3l8*F: 

JiT  -  0.75  lb/(ft)(hr) 
f>Y  -  5.78  lb/gal  -  43.2  lb/ft3 
St  -  0.7 

-  0.68  BTU/(lb)(*F) 

*y  -  0.0732  BTU/(hr)(fts)(*F/ft) 
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(c^yAr)1/3  •  1.91 

0fc  ■  1 

for  BQ  at  4l9*F  and  46.3  psia 
VM  ■•  203.6  ft3/lb-aole 
VgQ  ■  188.8  cfta«3.i5 
/°80  -  0.1415  lb  /ft3 
Sd  -  0.00227}  0,  »  1 
yUBQ  -  0.0605  lb/(ft)(hr ) 

Cp  -  0.26  BTU/(lb)(#F) 

kBQ  -  0.024  BTU/{hr)(ft2)(*F/ft) 

(<V*  B^BB^3  "  °*869 

0d  "  1 

Heat  transfer  -  duct  aide 
Red  -  4,420 
Jf  •  4o(2) 

hf  -  13.9  BT0/(hr)(ft2)CF) 

-  602  BTU/  (hr )  (  ft2  )  (  *F ) 
hf  «  13.6  BTO/(hr)(ft2)CF) 

Corrected  coefficient  *  13.6  BTU/hr-ft2-*F 


Heat  transfer  -  tube  aide 
At  -  0.00126  ft2 

»  0.015  ft2/bank 
det  -  0.04  ft 
Gt  -  208,000  lb/ (hr) (ft2) 
Ret  -  11,100 
it  -**2fe) 


286 


h,.  -  1U?  BTU7(hr)(ft2)(*F) 
hdt  -  500  " 

h't  «  113.6  " 

Corrected  coefficient  *•  113.6  BTU/hr-ft2-*F 


Heat  transfer  -  design  U,  area  and  No.  of  banks 
ait  -  0.126  ft2/ft  lin. 

«  1.44  ft2/bank 

(re-rb)(hJ./ktYb)^  -  0.632  -  10.1  BTU/(hr)(ft2)(*F/ft) 

Si  -  0.84(3) 

h '  ■  8l_j6  BTU/(hr)(ft2)(*F) 

UDi  -  47.5  BTU/ (hr ) { ft2 ) ( *F ) 

Design  coefficient  -  47.5  BTU/hr-ftS-*F 

Ait  *  SI.  5  ft2 

■  15  banks 

2.  Pressure  Drop 
Tube  side  pressure  drop  (fuel) 

Velocity  2  1.336  fps 
f  -  0.00027(6) 

Apt  »  0.12  psi 

each  return  bend  of  0.5"  tubing  is  equivalent  to  2.5  ft  of  straight  tubing 
There  are  14  return  bends  and  two  headers: 

A  Pr  -  HI  t-2K*J-?  *  ,9-A2  -  0.32  psi 
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Duct  aide  pressure  drop  (B 0) 

R  •  -  1,260 
ed 

.  f  -  0.0032* 2 ) 

Lp  -  H^V,  -  15  x  0.866/12  -  1.087  ft 
A  Pd  *  Oj02psl 

Loss  due  to  gradual  enlargement  (diverging  cone)  is  8f». 

A  *W.  -  0.08  x  31.6  -  2j52 

APBG-F  section  "  2*55  P«i 

Thus,  the  BG  leaves  this  section  vitb  29-05  psig  (43-75  psia). 
Pressure  Loss  in  "Orifice" 

Ap0-(^.i)pv 

v  •  velocity  BO  in  duct  •  Vy/A^  ■  3.15  ft^  per  sec/O.36  ft2 

•  8.74  ft/sec 

PT  ■  velocity  head  ■  v2^  g  *  8.742/(2  x  32.2) 

■  1.2  ft  (air  column) 


0.0012  psl 


to  obtain  (kg  -  1) 


■  area  empty  duct  ■  12  x  12  ■  144  inch2 

Ag  ■  area  "orifice"  »  10  x  10  •  100  inch2  (1  inch  dam) 

Ag/Aj.  -  100/144  -  0.7 

for  above  value,  (i_  -  1)  ■  0.2 
q2 

thus:  AP0  -  0.2  x  0.0012  -  0.00024  pai 
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AP0  ■  negligible 

C.  Water-Cooled  Section  (HE  3) 

1.  Heat  Transfer 

Q  *  2,9$+  BTU/min  -  179.000  BTU/hr 
Ww  «  23  lb/min  -  1,260  lb/hr 


Hot  Fluid  (BG) 

Cold  Fluid  (Water) 

Di f f erenoe 

3U0*F 

Higher  temperature 

210*F 

130*F 

100  *F 

Lover  temperature 

80*F 

20*F 

2U0*F 

Difference 

130*F 

110  *F 

IHTD  -  59*F  R  »  1.85  S  ®  0.5  FT  -  0.&?(  9  ) 

At  «  0.87  x  59  -  51 *F 

Average  temperatures  may  be  used,  thus 


Te  -  (3^0  +  100)  1  2  ®  220*F 
tc  *  (210  +  80)  t2«  1U5*F 


For  BG 

at 

220 *F  and  U3.75  psia: 

VM 

m 

158  ft3/lb-mole 

VBC 

a 

147.5  cfm  *  2.46  cfs 

>^BG 

m 

0.051  lb/(ft)(hr) 

/°BG 

m 

0.l8l  lb/ft3 

Sd 

m 

0.0029 

cp 

* 

0.25  BTU/(lb)(*F) 

kBG 

- 

0.019  BTU/(hr)(ft2)(*F/ft) 

(c/*bcAbg^^  *  ®*  676 

0d  «  1 
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For  water  at  145 *F« 

/A*  -  1.069  lb/(ft)(hr) 

/>„  -  61.3  lb/ft3 
h  "  1 

Cp  -  1  BTU/(lb)Cr) 

h*  -  0.374  BTU/(hr)(ft2)(*F/ft) 

(c/wAw)l/3  -  1>28 

h  *  1 

In  this  section  the  tubing  Is  aluminum.  It  Is  of  the  same  0Dt  ■  0.5  inch 
as  before,  but  wall  =  0.02"  and  consequently  IDt  »  0,46". 

Heat  transfer  -  duct  side 

Red  -  5,240 

Jr  -  45(2  ) 

hf  -  12.5  BTU/(hr)(ft2)('F) 
h^  -  12.25  BTU/(hr)(ft2)(*F) 

Corrected  coefficient  ■  12.25  BTU/hr-ft2-*F 


Heat  transfer  -  tube  side 
det  -  0.0383  ft 
^  -  0.00115  ft2 
At/b  -  0.0139  ft2Aank 
Gt  -  99,600  lb/(ft2)(hr) 

Re^  ■  3,500 
Jt  -  14(5) 

h*  -  195  BTU/(hr)(fta)(*F) 

hdt  -  500  BTU/(hr)(ft2)(*F) 

b‘  -  140.3  BTU/(hr)(ft2)(*F) 
it 
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Corrected  coefficient  ■  lU0,3  BTU/hr-ft2-*F 

Heat  transfer  -  design  U,  area  and  Ho.  of  banks 
ajt  *  0*120  ft2/ft  lin. 

Ait/b  "  1*385  ft2/bank 

(re-rt,)  (hf/k^)  -  0.175  It*  -  118  BTU/(hr)(ft2)(*F/ft) 

-A-  0.98(3) 

bfi  *  BTU/ (hr )  ( ft2 )  ( *F ) 

UM  -  |U  BTU/  (hr )  ( ft2 )  ( *F ) 

AiT  "  ^  ft2 

l*b  *  47  banks 


2.  Pressure  Drop 

Tube  side  pressure  drop  (water) 
Velocity  *  0.452  ft/sec 
f  -  0.00038^  6 ) 

A  ■  0.09  pal 
APr  •  0.23  pal 

APt  -Water  *  0-32  psi 


Duct  side  pressure  drop  (BG) 

*U  •  ^500 

f  -  0.00315^ 


Ip  «  3.39  ft 

A  Pd  »  0,05  psi 


In  this  section,  there  Is  also  the  pressure  loss  due  to  condensation 
of  water.  Average  pressure  in  this  section  is  29  psig  (43.7  psia).  The 
total  of  gases  in  BO  is  0.8615  x  1.0765  *  0.9274  stole.  The  amount  of  water 
condensed  in  HZ  3  is  1.272  -  18  -  O.O7067  aoles  (see  Figure  37  )• 


A  ^condensation  -  <0.07067 .«  13.7)  f  0.9071.  -  3-33  p.1 

The  pressure  at  which  B0  reaches  the  converging  cone  is 
29-3*33  *  25.67  psig  (40.37  psia).  The  loss  due  to  the  gradual  contraction 
there  is  2^. 

A  pcontr.  *  °*°2  *  25*67  -  0.51  pal 


Consequently,  the  total  pressure  drop  in  HE  3  is 


APBG-V  section  "  3.89  psi 


Thus,  BO  leaves  HE  3  with  25.16  psig  (39.86  psia) 


D.  Size  and  Height 

HE  2  Section  (fuel)  -  all  316 -SS 

Duct  vail  is  3/16"  thick  and  its  inside  dimensions  are  12  x  12  inches 
The  length  of  this  section  Including  diverging  cone  is  1.5  ft. 

Duct*  109.7  inch3/ft  x  0.29  lh/inch3  -  31.8  lb/ ft 

Tubing*  25  lnch3/bank  x  0.29  lb/lnch3  -  7.27  lb /bank 

Weight  duct  ■  1.5  *  31.8  »  48  lb 

Weight  tubing  -  15  x  7.27  ■  109 

Total  157  lb 

Total  Weight,  HE  2  *  157  lb 
HE  3  Section  (water)  -  all  aluminum 

Duct  wall  la  0.35"  thick,  and  the  length  of  this  section  including 
the  converging  cone  is  3.8  ft. 

Duct  -  207.5  inch3/ft  x  0.099  lb/inch3  -  20.5  lb/ft 

Tubing  *  27.3  inch3/bank  x  0.099  lb/inch3  ■  2.7  lb/bank 
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Weight  duct  -  3.8  x  20.5  -  78  lb 

Weight  tubing  «  U7  x  2.7  ■  127 

Total  205  lb 


Total  weight,  HE  3  -  205  lb 


E.  Sunn  ary 

Total  length  of  combined  HE  2  and  HE  3  5*3  ft 

Total  weight  *  *  *  #2  lb 

Total  pressure  drop  in  "  "  6.M*  psi 


VII.  Drier 

A.  General 

Both  fluids  enter  at  temperatures  below  their  exit  temperatures, 
and  the  available  cooling  water  temperature  is  only  20*F  below  that  of  the 
entering  BG.  Therefore,  a  cocurrent  flow  is  chosen.  The  choice  of  cross- 
section  is  based  on  consideration  of  several  factors: 

•  pressure  drop 

•  velocity  of  gas  In  empty  drier 

•  the  desired  number  of  cooling  tubing  banks  (it  is  preferable 
to  have  a  smaller  cross-section  and  a  larger  number  of  banks 
at  a  closer  spacing,  for  the  same  heat  transfer  surface,  to 
maintain  the  entire  bed  as  cool  as  possible). 

Two  drying  agents  are  used.  Host  of  the  water  will  be  removed 
by  the  Cads  (heat  of  absorption  ■  1,500  B TO/#,  net  heat  »  U50  BTU/#) 
because  of  its  hi«h  capacity.  Weights  of  agents  are  calculated  first  based 
on  efficiency,  then  increased  if  necessary  to  provide  50  hours  of  service 
between  regenerations.  This  is  in  line  with  the  target  far  catalyst  performance. 

Contrary  to  the  cooling  scheme  used  as  the  basis  for  the  material 
and  heat  balances  given  in  Figure  37  a  revision  providing  an  increased 
cooling  water  requirement  but  a  net  reduction  in  weight  is  used,  as  follms: 


Water  la 

t  -  80*7 
hgo  -  48  BTO/lb 


Water  Out 

t  -  130*7 
h130  "  98  BTU/lb 


*»rA, 


DRIER 

net  -  450  BTU/lb  water 


> 


Saturated  BG  in 
t  «  100 *F 

Vy  BG  '  21“39  “»/-!=. 
wHaO  Vapor  *  1-054  lb/min. 

OsBG,  100  “  1/669  BTU/mln. 

Qin  m  QSBOAOO  +  VjigO  vapor  x 
1,669  +  1.054  x  450  < 


Figure  F-7 


Dry  BO  out 
t  -  150*7 

b  __  ,  -  27.8  BTU/lb 

Dry  BG,  150  ' 

Wpry  BG  "  24-39  lb/min. 
Qpry  BG,  150  s  678  BlU/lb. 

^  ^A,  net 
2,143  BTU/min 


Revised  Cooling  Water  Requirements 


Qout  "  Vy  BG,  150  -  wdry  BG  *  BO,  150 

-  24.39  *  27.8  -  678  BTU/rain 

A^drier  "  Qin  "  Oout 

-  2,143-678  «  1,465  BTU/min 

,,  ^Qdrier 

Wcooling  HaO  * 

1,U65  , 

”  WkB  a  29.3  lb /min 

This  supply  of  130*F  water  may  be  introduced  at  the  appropriate  point  in 
HE  3,  thus  reducing  either  the  overall  water  requirement  or  the  transfer 
surface  area,  but  such  is  not  considered  in  the  present  study. 

If  corresponding  changes  are  calculated  for  average  flight 
conditions  (Figure  36),  the  drier  cooling  water  flow  is  increased  to 
18.9  lb/min  or  122  lb/ flight,  and  total  cooling  water  per  flight  (including 
10JG  contingency)  becomes  266  lb. 

B.  Data  for  Calculations 

Saturated  BG  reaches  drier  at  25.1  psig  (39.8  psia) 

Weight  SBG  =  25.448  lb/min  -  1527  lb/hr 
Weight  of  water  removed  ~  1.054  lb/min 
Weight  of  dry  BG  =  24.39  lb/min  =  1,464  lb/hr 
Pressure  in  fuel  tank  ■  0.84  psig  (15.54  psia) 

*to  remove  *  1'U65  =  ^>900  BTU/hr 

Wcooling  H*0  -  29-3  ^/min  =  1,758  lb/hr 
Air,  100  =  0.019  cps  -  0.046  ib/(rt)(hr) 

AIR,  150  =0/Udry  BG,  150  “  0*0202  cps  -  0..0489  lb/(ftl(hrj. 
^HaO  Vapor,  100  “  0.011  cps  -  0.02 66  lb/(ft)(hr) 

>%BG,100  a  (24.394  x  0.019  +  1.054  x  0.011)  f  25.448 
■  0.01867  cps  -  0.0452  lb/(ft)(hr) 

Avg  "  ^SBG,100  +  >MaIB,150  )  7  2  -  0.5  (0.01867  +  0.0202) 

-  0.01945  cps  o  0.047  lb/(ft)(hr) 
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'H'JM  m  *  359  X  -  158.9  ft3/lb-aol« 

^8B0iH  ■  158.9  x  0.861?  mols  air /min  z  0.9945  «ol*  sat.  BG/nol  air 

-  136.2  ft3/*in 

fsBO, IB  "  25.448/136.2  -  0.1869  lb/ft3 

SsBa,m  -  z^/62.4  -  0.00299 

VM#arr  -  x  359  X  (150 -  196.8  ft3/ib-oole 

VDry  BG  *  196,8  *  (0,86l5  *  O.9265)  -  157.1  ft3/mln 

®Bry  BG  "  O.OOA9  ^  -  24.394/157-1  -  0.1553  lb/ft3 

V  •  vPry  BG  -  V3  BG 

20,8  2.3  log  Vpry  BG 

VSBG 

157.1  -  136.2  ...  ,  . 

.  —tS - a -  «  146.6  ft3/mln 

2.3  log  gjii 

WBG,Avg  "  (25-448  +  24.394)  7  2  -  24.921  lb/nin 

-  1495.3  lb/hr 

f BGfAvg  "  24.921/14 6.6  -  0.17  lb/ft3 

SAvg-  0.00272 

C.  Amounts  of  Drying  Agent 

(l)  Calcium  Chloride  Section 

Baaia  of  150*7  and  ~14.7  psla 

efficiency  ■  4600  ppm  (equilibrium  cone.  -  0.95 ) 
at  1900  hr-1  SV 

capacity  -  30jt,  or  O.30  lb  HsO/lb  agent 

treasure  in  the  drier  after  abstracting  gradual  enlargement  loaa. 
m Approx.  P  when  gas  leaves  bed/  baaed  on  pressure  losses. 
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G as  flov  at  design  conditions  ■  VgaQ,  are 

-  Ib7  ft3/min 

Bed  volume  ■  volume  for  1900  hr“^  SV 

.  lh7  n3|  60  mtp  I  ^  .  k  65  ft3 

aln  I  Har  [  l900  *65 

Weight  of  CaCla 

bulk  density  -  51  Ib/ft3 

weight  -  U. 65  x  51  -  237  lb 

Concentration  of  water  entering  CaCla 

Ra  79  Ib-ooles 

COa  13.5  lb-moles 

Fuel  Vapor  0.15  lb-moles 

HaO  6.80  lb-moles 

_  15  I  1.054  to  drier _ 

®®°  “  11.054  +  ' .272  (condensed)  -  6.00 

%  HaO  v/v  -  fj.8  f  99M)x  100  -  6.84 

■  68/400  ppm 

Concentration  of  water  leaving  CaCla  »  4600  ppm 
it  removed  ■  93.356 

Water  removed  during  average  flight 

use  average  flight  data,  not  design  data 
Removed  in  1  flijgit  by  complete  drier  -  6.07  lb 
Removed  by  CaCla  ■  6.07  x  0.933  *  5.67  lb 
Capacity  of  CaCla  (60jt  of  estimated  value) 

237  lb  x  0.30  lb/lb  x  0.80  -  53  lb  water 
Flights  without  regeneration 
53  7  5.67  -  9.34  flights 
average  flight  time  ■  3  hours 
Hours  without  regeneration  ■  28  hours 
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To  attain  50  hairs,  increase  by  proportion 
237  x  50  7  28  -  424  lb  CaCla 
Volume  and  length 

Superficial  velocity  should  be  in  range  50-100  fpn 
147  ft3/min  1  75  ft/min  -  1.96  ft2 
. * .  Choose  duct  having  2  ft2  transverse  area 
Volume  -  424  lb  7  51  lb/ft3  *  8. 31  ft3 
Length  *  8.31  7  2  *  4.16  ft 

Weight  of  CaCla  -  424  lb 

Volume  of  CaCla  «  8.31  ft3 

Dimensions  *  1  ft  x  2  ft  x  4.16  ft  long 


(2)  Calcium  Sulfate  Section 

(on  basis  of  150*F  and  approx.  14.7  psia) 
efficiency  -  100  ppm  at  4 00  hr-1  SV 
capacity  =  1.0},  or  0.01  lb  HgO/lb  agent 
Gas  flaw  at  design  conditions 

assume  same  as  in  Cads  “147  ft3/min 
Bed  volume  *  volume  for  4 00  hr“^  SV 

147  ft3  |  60  min  I  hr  _  ^  .  ^3 

Hn - rfe - hoo  -  a2-lftJ 

Wei^it  of  CaS04  ■  volume  x  bulk  density 

»  22.1  ft3  x  75  lb/ft3 

-  1660  lb 

Water  removed  in  average  flight  of  3  hours 

total  removed  in  drier  -  amount  removed  in  CaCla 
6.07  lb  x  (1.00  -  0.933)  -  0.407  lb 


S 

S 
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Capacity  of  CaS04  (use  80<  of  estimated  value) 
1660  lb  x  0.01  lb/lb  x  0.80  -  13.3  lb 
Flight*  without  regeneration  ■  13.3  7  0.407 

-  32.6 

Hour*  without  regeneration  ■  3  x  32.6  ■  97.8  hr 


Hour*  withoit  regeneration  •  96 


Sunmary  of  Drying  Agents 


Agent 

Combined 

volume,  ft 3 

8.31 

22.1 

30.4 

weight,  lb 

424 

1660 

2084 

length,  ft 

4.2 

u.o 

15.2 

hours  (no  regen. ) 

50 

98 

50 

(3)  Recalculation  to  Save  Weight  By  Utilizing  Excess 
Capacity  in  CaS04 

Excess  capacity  ■  $6-50  ■  48  hr 

Water  equivalent 


48  hr  x  0.407  lb/flight  7  3  hr/flight 
6.53  14  water  capacity  in  excess 
Adding  to  CaCls  capacity  (53  lb  water  on  237  lb  agent) 
53  +  6.53  7  5.67  -  10.5  flights 
10.5  x  3  -  31.5  flight-hours 
Revised  deficiency  ■  50-31.5  “  18.5  hours 

156  lb  CaCla 

Total  quantity  CaCla 
237  +  156  -  393  lb 


18.5  hr  |  237  lb 
28  hr 


393  7  51  -  7.72  ft3 
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Revised  Summary  of  Drying  Agents  CaCla  and  CaS04 


Agent 

CaClg 

CaS0A 

Combined 

volume ,  ft  3 

7.72 

22.1 

29.82 

weight,  lb 

393 

1660 

2053 

length,  ft 

3.& 

11.0 

14.86 

hours  (no  regen.) 

50 

50 

50 

(4)  Use  of  Zeolite  as  High-Efficiency  Agent 

Bases:  10  ppa  efficiency  at  following  conditions 
150*F  and  <v  1  ata 
L/D  >1 

linear  velocity  <  100  ft /min 
Norton's  H-Zeolon,  l/l6"  dia. 

Capacity  0.015  Iba/lb  agent 
Velocity  in  1  ft  x  2  ft  duct 

147  ft3/min  i  2  ft2  -  73.5  ft /min 
Weight  of  agent  (using  8o£  of  stated  capacity) 

_  lb  HgO  1  flight  |  hcxrra _ 1 _ 


Suaaary  of  Drying  Agent*  CaCla  and  Zeolite 


Agent 

CaCl^ 

Zeolite 

Combined 

volume,  ft^ 

8.31 

1U.7 

23.0 

veigit,  lb 

U2U 

565 

989 

length,  ft 

fc.2 

7.35 

11.55 

hours  (no  regen.) 

50 

50 

50 

Cooling 

Q  -  87,900  BTU/hr 

»BO,*Tg  ■  "•» 

“coollng  HaO  "  W5® 

150*F 

130*F 


Hot  Fluid 

Cold  Fluid 

Difference 

150  *F 

Higher  temperature 

130*F 

20  *F 

100  *F 

Lower  temperature 

80  *F 

20  *F 

50*F 

Difference 

50  *F 

0 

AV«  -  a-r 


3d 


A  constant  temperature  difference  of  20*F  exists  throughout  the 
entire  drier.  Therefore  it  is  assumed  that  no  correction  of  A  t  is 
necessary. 

Caloric  Temperatures 

Arithmetical  averages  are  sufficient,  thus  for  BG  Tc  a  125°F 
for  cooling  water  tc  =  105 *F. 

Consequently: 

For  BG  Avg  at  125 *F 

/«3G,Avg  *  U>/(ft)(hr) 

A G,Avg  '  °'17  lb/«3 
Sd  3  S^yg  8  0*00272 

cp  «  0.248  BTU/(lb)(°F) 

l^G, Avg  3  kAm  "  °*0163  BTU/(hr)(ft2)(°F/ft) 

0d  *  1 

(cy^BG/kBG^  ^  3  0*®^ 

For  cooling  water  at  105 °F 

J\  m  1.67  lb/(ft)(hr) 
f  -  61.93  lb/ft3 
St  -  1 

Cp  -  1  BTU/(lb)(*F) 
k  -  0.363  BTU/ (hr )(ft2)(*F/ft) 

0t  "  1 

(c/l/k)1/3  -  1.663 

For  tube  material  (aluminum)  at  115 *F 
kt  -  117.2  BTU/(hr)(ft2)(*F/ft) 
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Tubing  and  Duct 


n — -i=ee^~t 

■=■■■--  He;<jht^i  ft 

_ _ L 

u — yim  -•  z  ft  — A 

Figure  F-8.  Drier  Tubing  and  Duct 
Aluminum  tubing: 

0Dt  -  0.5"  wall  =  0.02"  3Dt  »  0.46" 

Fins:  bf  *»  O.25"  thf  =  0.035"  Nf  «*  8  fins/inch  lin. 
Arrangement:  12  tubes  per  bank  in  square  pitch 
Af  *  0.7854  ft2/ft  lin. 

Ac  *  0.0943  ft2/ft  lin. 

Pp  »  9.44  ft/ft  lin. 
de^  «  0,06  ft 
at  *  0.0115  ft2 
At/b  »  0.01385  ft2/bank 
det  =  0.0383  ft 
.  ait  *»  0.120  ft2/ft  lin. 

Ait/b  =  2  x  12  x  A^  =  2.89  ft2/bank 
Yb  “  0.00146  ft 
re-rb  =  0.0208  ft 

re/rb  "  2 

Heat  transfer  -  duct  side 

ag  *  2  x  12  [l  x  12  -  12  (0.5  +  2  x  0.035  x  0.25  x  B)] 

-  103.7  inch2  -  0.72  ft2 
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Gd  =  1495/0.72  «  2,077  lb/(ft2)(hr) 

Red  =  0.06  x  2,077/0.047  =  2,700 
Q(  2  ) 
jf  “  28 

hf  =  28  x  x  0.894  x  1  =  6.8  BTU/(hr)(ft2)(*F) 

0.06 

hd  =  Avg  SBG  and  Dry  BG  =  (602  +  500)  1  2  *  551  BTU/(hr )(ft2)CF) 
h,f=SrJL7I|  =  6.7  BTU/(hr )( ft2 ) ( *F ) 

551  +  o.O 

Heat  transfer  -  tube  side 

Gt  *=  1758/0.01385  =  126,950  lb/(ft2)(hr) 

Ret  =  0.0383  x  126,950/1.67  »  2,910 


0.57  ft/sec 


v  »  velocity  of  water  in  tube 

v  a  £t _  „  126,950  -  0.57 

3600 yo  3600  x  61.93 

hj.  «  215  x  1.055  *  226.8  BTU/(hr)(ft2)(*F) 

hdi  =  500  BTU/(hr)(ft2)(#F) 

VI  _  500  X  266.8  _  ,./•  n— .//. _ \,~.2w®17.\ 


hdi  ■ 

Heat  transfer  -  design  U,  area  and  number  of  banks 

(r e -i-b)  (a,f/ktYb)  «  0.0208  (6.7/117.2  x  0.00146 )£ 


0.132 


JX  a  0.99 


h'fi  -  (0.99  x  0.7854  +  0.09425)  (6.7/0020) 


48.45  x  146 
48.45  +  146 
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_  87,900 

36.4x20  “ 


\  -  120.8/2.89 


120.8  ft2 


Humber  of  banks  =*  42 


The  larger  portion  of  water  is  removed  by  C&Clz,  consequently 
most  of  the  absorption  heat  will  be  generated  there.  Thus,  moat  of  the 
cooling  has  to  take  place  there. 

Fraction  of  water  removed  by  CaCl?  «  0.933>  and  this  fraction 
of  heat  is  removed  in  CaCl^  section. 

in  CaCl2  =  42  x  0.933  =  39  banks 

Nb  in  CaS04|  =  42-39  =  3  banks 
or  Zeolite  J 

Each  of  the  two  desiccants  is  in  a  separate  section  measuring 
1*  x  2'  in  rectangular  cross-section.  The  two  sections  are  separated  by 
a  screen  (see  Figure  F-9). 

Volume  occupied  by  the  tubing 

=  volume  occupied  by  the  tubing  of  one  bank 
Vt/b  =  £  Lp  K2  +  (®2r  OD^t)  thf  Hf]  Nt/b 

«  2x  12  £o.52  +  (l2-0.52)  O.O35  x  8]  12 
»  104  inch^/bank  *  0.0602  it^/bauik 


Volume  and  Dimensions  of  Sections 

The  transverse  area  is  2  ft^,  and  the  side  wall  dimensions  are 
2  ft  x  1  ft.  The  volume  in  each  section  accommodates  both  agent  and 
cooling  tubes.  Using  the  CaCl2  and  zeolite  combination: 

For  CaCls  section 

Volume  agent  =  8.31  ft 3 

Volume  39  banks  of  tubes  =  39  x  0.0.102  «  2.35  ft3 
Combined  volume  «  10.66  ft3 
Length  =*  10.66  •  2  =  5 -33  ft 
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Figure  F-9.  Gaa  Drier 


Spacing  of  banks  »  (5*33  r  39)  x  12  ■  1.64  inch 

t  to  t 

For  Zeolite  Section 

Volume  agent  «  14.7  ft3 
Volume  of  3  banks  of  tubes  ■  0.18  ft 3 
Combined  volume  =  14.88  ft 3 
Length  »  7.44  ft 

Spacing  of  banks  =  (7.44  i  3)  x  12  ■  29.8  inch 

t  fe- 

Note:  This  spacing  is  obviously  not  satisfactory  for  actual  design;  a 
detailed  study  would  provide  for  a  more  uniform  distribution  of  the  heat 
transfer  surface. 

E.  Pressure  Losses 

Pressure  loss  inside  tubing 

v  =  0.57  ft/sec  Ret  -  2,910 

f  -  0.00039^ 

APt  ■  0.27  psl 

A  Pr  =  (4l  *  2)  x  2.5  x  0.27/(42  x  2)  -  0,39  psi 
Total  A  p  =  0.27  +  0.35 


AP^-water  “  0.62  psi 


Pressure  loss  on  the  duct  side 

The  pressure  loss  in  the  duct  side  of  the  drier  is  the  sum 
of  the  following  pressure  losses: 

a)  Pressure  loss  due  to  gradual  enlargement  in  the 
diverging  cone  (■  A  PjJ  which  is  equal  to  8jt  of  the 
gage  pressure  in  the  incoming  gas. 

b)  Pressure  loss  due  to  friction  through  the  packed 
bed  (-APg). 

c)  Pressure  loss  due  to  banks  of  cooling  tubing  (■  AP3) 
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d)  Pressure  loss  due  to  removal  of  water  (“Ap^),  that  la, 
loss  of  fraction  of  gas  volume  and  consequently  its 
partial  pressure. 

e)  Pressure  loss  due  to  gradual  contraction  in  the 
converging  cone  (»  Ap^)  which  is  equal  to  of 
pressure  (gage)  in  the  gas  reaching  that  cone. 

The  pressure  losses  in  the  three  screens  are  negligible. 


Due  to  the  presence  of  cooling  tubes  in  the  bed,  the  volume  of  the 
bed  increases  from  23.0  ft3  to  23.0  +  2.35  +  0.18  =  25.53  and  the  length  from 
23.0  ft  i  2  S  11.5  ft  to  25.53  ■  2  «  12.76  ft.  Therefore,  A  P2  has  to  be 
determined  for  this  new  length  of  12.76  ft.  A  combined  A  P2-3  loss  is  calculated 
for  L  *  12.76  ft. 

(1)  APX  -  0.08  pin 

■  0.08  x  25.1  ■  2  psi 

(2)  A  P2-3  is  determined  e-^loying  the  method  of  Aluminum  Company 
of  Ameriea(  H),  for  8-14  *esh  granules.  Both  zeolite  extrudates 

and  the  CaCla  granules  are  in  this  size  range. 


R‘e  ■  modified  Reynolds  number 
Ki  **  0.264  ft 

Go  ■  superficial  mass  velocity  based  on  empty 
drier  cross-Bectional  area,  lb/ (ft2)  (hr) 

Ad  -  2  ft2 

V  -  Vbg  Avg  -  (1,527  +  1,464)  1  2  «  1,495  lb/hr 
0o  -  -q  -  -  747.5  lb/(ft2)(hr) 

>  -  /bq  Avs  -  0.047  lb/(ft)(hr) 

R'  ■  0.2v/:  x  71.? .5  a  4,200 
*  0.047 

(f/Ff)  -  0.0425  from  plot*11* 


A  *2-3 


„  (f/?f)  Qq2  I* 

Ks  jo  144  pBi 


L  « 

f  ■ 

AP2-3  “ 


(f/7f)  “  modified  friction  factor 
L  ■  depth  of  bed,  ft 


4880  tt2/br2 


12.76  ft 

f BO  *,g  ■  °-17  lb/tt3 

0.0425  x  (747.5 )2  x  12.76 
4880  x  0.17  x  l44 


2*53  PH 
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(3)  APh  is  determined  assuming  it  takes  place  at  the  midpoint, 
of  the  CaCl2  section,  that  is,  after  the  gas  loses  pressure 
through  3  ft  of  bed,  which  is  0.6  pai.  Thus,  the  pressure 
of  the  gas  at  this  assumed  point  is: 

Qpln  -  (  A  P2  +  0.6)]-  25.1  -  (2  +  0.6) 

-  22.5  psig  or  37.2  pala 

The  total  number  of  lb-moles  of  water  vapor  and  gases  in 
saturated  BG  i3 

0.862  x  0.991*  -  0.857  Ib-moles/rain 

and  that  of  the  absorbed  water  is 

1.054  lb /min  i  18  lb/lb-mole  -  O.O586  lb-raoles/min 

Thus 

A P4  «  (O.O586  x  37.2)  ~  O.857  -  2.54  pal 

(4)  The  pressure  at  which  the  gas  reaches  the  converging  cone  is 

[pin  -  (A  Pi  +  AP2_3  +  A  25.1  -  (2  +  2.53  +  2.54) 

p  -  18.0  psig 
c 

and 

APj  »  0.02  pc 

=  0.02  x  18.0  =  O.36  psi 

(5)  Total  pressure  loss  in  the  drier 

API»lAPi 

-  2  +  2.53  +  2.54  +  0.36 

A  "  7*43  psi 

Consequently,  dry  BG  leaves  the  gas  drier  at  25.1-7.4  »  17*7  P*ig 
(32.4  psia). 
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Thu  above  pressure  of  31.4  psia  is  more  than  double  the  assumed 
pressure  in  the  fuel  tank  (15.51*  psia).  However,  the  following  pressure 
losses  have  not  been  included:  (a)  losses  in  connecting  pipes,  because 
we  do  not  know  how  long  they  are  and  how  many  bends  there  will  be,  (b) 
losses  in  control  valves  and  instruments  through  which  the  gas  will  flow. 
Also,  when  calculating  expansion  and  contraction  losses  we  assumed  these 
would  be  gradual  processes.  Because  of  space  considerations,  it  may  not 
be  possible  to  accommodate  the  transition  pieces  which  provide  gradual 
expansion  or  contraction,  in  which  case  the  losses  would  be  larger  than 
those  shown. 

Severtheless,  there  appears  to  be  a  sufficient  margin  for 
operation  of  a  pressure  regulator  at  some  position  in  the  subsystem. 

G.  Gas  Filter 

The  ballast  gas  passes  through  a  filter  before  entering  the  fuel 
tanks  so  as  to  prevent  carryover  of  dust  from  catalyst  or  drying  agent. 

The  filter  is  of  glass  fiber  mat  construction  and  is  probably  best  located 
at  the  exit  end  of  the  drier.  It  must  be  accessible  for  periodic  cleaning 
and  replacement. 

The  pressure  loss  through  this  type  of  filter  is  measured  in 
Inches  of  water,  and  is  neglected.  An  allowance  of  3  pounds  is  made  for 
the  weight  of  the  filter  and  housing. 

H.  Cooling  Water  Tank 

As  stated  above,  the  amount  of  water  per  flight  is  266  lb.  This 
water  occupies  a  volume  of  4.3  ft 3.  An  aluminum  or  plastic  tank  may  be 
used.  A  variable  speed  pump  is  necessary  to  deliver  the  water  to  the  drier, 
to  HE  3,  and  subsequently  to  the  combustor. 

The  weight  of  the  tank  includes  resistance  heaters  with  a  simple 


control  circuit  to  prevent  freezing  of  the  water.  Bans 

Weight  of  tank 

24  lb 

Welgit  of  water 

266 

Welgrt  of  pump  (est.) 

16 

306  lb 

I.  Weight  Summary 

The  drier  is  made  entirely  of  aluminum.  The  outer  wall  is  assumed 
to  he  l/8- inch  thick,  because  of  the  weight  of  the  desiccants.  It  Is 
possible  that  with  properly  situated  reinforcements  it  may  be  thinner.  The 
volume  of  the  material  in  the  outer  wall  is  1,560  inch3,  thus  the  weight  of 
outer  wall  is 

1,560  x  0.099 

-154  lb 
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The  tubing  material  volume  per  bank  is  56.9  ineh^  and  the  weight  of  all 
banks  of  tubing  is 


Thus 


56.9  x  0.099  xh2  -  237  lb 


Weight  of  screens  10  lb 

Weight  of  outer  wall  15** 

Weight  of  cooling  tubes  237 

Weight  of  desiccants  98 9 

Total  1,390  lb 


The  aggregate  weight  of  the  drier  and  auxiliary  equipment  is  as 
follows : 


Drier  with  filter  1,393  lb 


Water  tank 


1,699  lb 


Total  weight,  drier  and  auxiliaries  =  1,699  lb 
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APPENDIX  C 


DESIGN  CALCULATIONS,  EQUIPMENT  FOR 


SST  FLIGHT  PLAN  NO.  2 


APPENDIX  G 


DESIGN  CALCULATION,  EqjIJMENT  FOR  SST 
_ FLIGHT  PLAN  NO.  2  _ _ 


I.  Assumptions  and  Conditions 

As  stated  in  text,  Section  V-6-m. 

II.  Method 

A.  General 

Weights  of  components  are  determined  toy  application  of  scaling 
and  other  factors  to  the  weights  of  corresponding  components  in  Fligit 
Plan  No.  1.  In  one  instance  (the  segmented  combustor),  weight  is  Obtained 
using  as  a  basis  the  design  of  the  ccmbustor  for  the  Tactical  Aircraft, 

Case  Analysis  II.  No  effort  is  made  to  generate  designs  and  dimensions 
expressly  for  this  situation.  No  checks  are  made  for  pressure  drop 
through  the  subsystem. 

B.  Scaleup  Factors 

In  cases  where  viscosity  and  cross-section  differ  from  one 
situation  to  the  other,  a  heat  load  factor,  Fq,  and  a  Reynolds  number 
foklor,  Fjig,  can  be  used.  The  former  parameter  is  a  direct  proportionality 

Fq  -  ^PS 
^FPl 

and  provides  a  correction  in  equipment  weight  according  to  the  change  in 
heat  load.  The  second  parameter  reflects  the  change  in  heat  transfer 
coefficient  and  surface  area  relating  to  Reynolds  number: 

Fge  -  FP1 
Re  pro 

and  operates  inversely. 

In  the  event  there  is  no  change  In  viscosity  or  cross-section, 
mass  velocity  increases  with  the  gravimetric  flow  rate  tad  causes  a  pro¬ 
portional  increase  in  heat  transfer  coefficient  and  reduction  in  transfer 
surface.  Thus,  one  can  make  use  of  a  weight  factor,  Fv,  defined  as 

Fw  «  WFP1 
WFP2 

Finally,  if  the  cross-section  changes  but  the  viscosity  remains  constant, 
the  mass  velocity  factor,  Fq, 


ia  applied  as  a  correction  representing  the  change  in  heat  transfer 
surface. 

With  the  exception  of  Fq,  the  shove  factors  are  based  on 
the  assumption  that  surface  (.*.  weight)  is  inversely  proportional  to 
Reynolds  number.  This  is  approximately  but  not  exactly  the  case.  The 
actual  relationship  is  logarithmic. 

Another  scaleup  factor  used  where  appropriate  is  the 
temperature  difference  factor,  F^t»  The  heat  transfer  surface  is  taken 
as  Inversely  proportional  to  the  ratio  of  At  or  IMTD  values,  FP  Ho.  2/ 

FP  No.  1. 

III.  Vaporization  Chamber 

Fuel  to  vaporize  -  6.64  lb/min  -  60  gph  at  60*F 

-  73  gph  at  U25#F 

Spraying  Systems  Company  spray  set-up  No.  42  is  selected.  This  nozzle 
requires  a  fuel  pressure  of  60  psig  (thus  a  fuel  booster  pump  is  necessary) 
and  4.6  scfin  of  air  to  atanize  the  necessary  amount  of  fuel.  The  spray 
cone  angle  is  22°  and  its  minimum  length  is  46  inch.  This  gives  us  the 
following  vaporization  chamber  (316-SS): 

OD  *  20  inch 

Wall  thickness  =  0.25  inch 
Overall  length  ■  6.55  ft 
Weight  -  202  lb 

Piping; 

Because  the  flow  rates  are  larger,  pipes  of  larger  diameter  are 
employed.  It  is  estimated  that  their  weight  will  be  three  times  that 
of  SST  FP  No.  1,  thus 

3  x  (19.3  +  13.6)  -  100  lb 


Heater 


Although  it  is  necessary  only  at  the  start  of  the  flight,  as  a 
precaution  the  capacity  and  weight  are  increased  to  double  the  values 
used  in  FP  No.  1,  thus: 

2  x  12  -  24  lb 

Total  weight  of  VC,  piping  and  heater 


Supply  and  outlet  piping 

100  lb 

Spray  nozzle 

1 

Vaporization  chamber 

202 

Heater 

24 

Reaction  fuel  booster  pump 

10 

Total 


315 


337  lb 


IV.  Combustor 


Wbg  ■  5,852  lb/hr 
%  »  4,382,000  BTU/hr 

V  coo!  •  500 

The  differences  in  IMXD,  At,  viscosity  and  other  physical  constants 
are,  frcm  a  practical  standpoint,  negligible. 


A.  Scale-Up  of  Radial  Reactor 

Fq  *  ■  2.77  (more  heat  to  be  transferred) 

1,583,000 

Assuming  that  the  length  of  the  casbustor  is  2.77  times  the  length 
of  the  radial  casbustor  used  for  SST  FP  No.  1,  and  that  the  tube  size, 
number  and  arrangement  is  not  changed  (therefore  the  diameter  remains 
unchanged),  we  get 


aa  -  7.625  x  2.77  -  21.1  ft2 

and  consequently 

Gs  ■  *  280  (will  give  larger  R«  and  therefore  larger  hj- ) 

Cl*! 


hence 


0.75 


Thus,  the  scale-up  factor  Fg^-U  is: 

FSC-U  "  2,77  *  0,75  "  2,08 

Therefore,  the  weight  of  the  ccmbustor  will  be  2.08  times  the  weight  of 
the  casbustor  used  for  SST  FP  No.  1: 

2.08  x  694  -  1,444  3b 


B.  Design  of  a  Segnented  Casbustor 

The  data  for  BG  and  coolant  cure  the  same  as  for  Tactical  AC, 
water  vaporization  section  of  casbustor  (Appendix  B). 

The  selection  of  the  duct  cross-section  to  use  is  based  on  the 
amount  of  catalyst.  Frets  Table  XIV  for  TA  conversion: 

22  lb  of  catalyst  or  0.542  ft3 

A  2  x  2  ft  duct  is  selected,  and  4  layers  are  assumed. 
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layer 

Thickness,  inch 

Volume  of  Catalyst 

ft3 

1 

0.25 

0.083 

2 

0.375 

0.125 

3 

0.5 

0.l£7 

4 

0.625 

0.200 

Total 

1.75 

0.583 

Weight  of  catalyst  «  O.583  x  40.6  »  23. 7  lb 
Weight  Oi'  8  screens,  each  4  ft2: 

8  x  4  x  1.7  ■  54.4  lb 

There  will  he  64  heating  elements,  each  2  ft  long,  thus 
64  x  2  x  0.1  «  12.8  lb 
Heat  Transfer  Surface 


Tubing: 

ODt  *  1" 

wall 

-  0.035" 

n>t 

-  0.93" 

Fins: 

bf  -  0.25” 

th* 

■  0.035" 

Hr 

■  8  fins/inch 

0Df  -  1.5" 

*e 

-  0.75" 

-  0.5" 

Arrangement:  square  pitch,  ■  1 6 


Sj  ■  S^  ■  V8  ■  1.5  inch  ■  0.125  ft 


Duct  Side 

Tube  Side 

Af  =  1.309  ft2/ft 

at  =  0.00472  ft2 

Aq  »  0.189  ft2/ft 

At/b  -  16  at  -  0.0755  ft2/bank 

Pp  -  9.44  ft/ft 

d._  -  0.101  ft 

CB 

dt  -  0.0775  ft 

afl  -  0.96  ft2 

* 

C8  -  6,100  lb/ (ft2) (hr) 

Gt  -  125/900  lb/(ft2)(hr) 

Res  *  6,480 

Ret  •  29,600 

St  -  52.5(1) 

di  •  96^2^ 

hf  -  18.6  BTU/(hr)(ft2)(*F) 

hA  -  357  BTO/(hr)(ft2)CF) 

hi  -  18.1  " 

h’  -  208 
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W  m  1.5 

jTfc  »  0.00146  ft  kt  «  13.92  BTU/(hr)(ft2)(8F/ft)  for  316-SS 


(jV*b> 


-  0.85' 


«  0.622 


*t  *b 


-  0.244  ft2/ft 

•  l£  a^  x  2  *  7.79  ft2/bank  (2  ft  long) 
bj^  «  96.6  BTU/(hr)(ft2)(°F) 

Ujji  *66  "  " 

AiT  -  59  ft2 

Mjj  «  8  banks 

The  pressure  drop  inside  the  tubing  is  approximately  32  pai.  This  would 
mean  that  either  larger  tubing  is  necessary  or  a  water  booster  pump  has 
to  be  used. 

Fuel  Preheating  Pipe 

WF  «  4 00  lb /hr 

Q  -  333  BTU/min  »  20,000  BTO/hr 


Hot  Fluid 


Cold  Fluid 


Difference 


FSC-U  *  3.64  X  1.015  X  0.903  =  2^1 
Weight  of  tubing  ■=  3.33  x  5  -  17  lb 


Weight  of  the  Combustor 

Catalyst  23.7  lb 

Screens  (8)  54.4 

Heating  elements  12.8 

Cooling  tubing  (44  lb/bank)  352 

Duct,  baffles  (Hastelloy  C)  170 

Fuel  preheating  tubing  17 

Total  630  lb 

V.  Heat  Exchanger  No.  1  (HE  1) 


The  heat  and  mass  balance  calculations  for  design  conditions  of  FP  2 
were  done,  based  on  the  heat  transfer  surface  determined  for  FP  #1.  This 
is  not  unreasonable  because  the  combustion  air  needs  ^nly  100°F  of  preheat 
in  FP  #2  and  the  total  heat  duty  is  correspondingly  reduced.  Therefore, 
the  veigit  of  HE  1  is  the  same  in  both  fli^jt  plans,  (it  is  recognized 
that  a  check  of  pressure  drop  might  shew  the  need  to  enlarge  the  tube  size.) 

Weight  of  HE  1  =  1748  lb 
VI.  Combinati  n  HE  2  and  HE  3 
A.  HE  2  section 

This  section  removes  relatively  more  heat  in  comparison  to  FP  #1 
due  to  the  reduced  heat  duty  in  HE  1. 

WBG,  Avg  "  5i790  Ib/hr 

Q  -  1,519,000  BTU/hr 

»F  coolly  *  US,000  lb /hr 


Hot  Fluid 

Cold  Fluid 

Difference 

1244 *F 

Higher  temperature 

350 

894 

340 

lover  temperature 

300 

40 

904 

Difference 

50 

854 
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IMD  =  275. 5 #F 


R  =  18  S  -  0.05  FT  *  0.975  At  a  267 

Fq  =  =  15.84  (more  heat  to  transfer) 

H  96,000 

F  .  -Jt  *  0.352  (improved  heat  transfer  via  larger  At) 
At  267 

Fw  =  =  0.277  (improved  heat  transfer  via  larger  mass 

5790  velocity  of  BG) 

FSC-U  a  15.84  x  °*352  x  0.277  *  1.544 


Thus  a  larger  heat  transfer  area  is  necessary,  which  affects  the 
weight  as  follows: 

1.544  x  157  -  205  lb 


A  further  correction  is  needed  to  allow  for  larger  tubing  because 
the  flow  rate  of  fuel  coolant  has  increased  15-fold.  Inspection  of'  tubing 
charts  indicates  the  increase  in  weight  per  linear  foot  will  be  15-2%,  and 
a  value  of  2 Of,  is  chosen.  This  is  applied  to  the  weight  of  cubing  only, 
which  represents  109  lb  in  the  exchanger  for  FP  #1. 

(109  x  1.544)  x  0.2  »  34  lh 
Therefore,  the  weight  of  HE  2  section  becomes 
205  +  34  a  239  lb 

B.  HE  3  Section 

Wjjq  *  5,660  lb/hr 
Q  «  540,000  BTU/hr 
%20  cool  “  4,560  lb/hr 

The  only  items  that  change  are  the  flow  rates  and  the  heat  laod. 

Fq  =*  540,000  _  3ti  (more  heat  to  transfer) 

174,000 

Ftf  “  =  0.283  (improved  heat  transfer  at  higher 

BG  5660  mass  velocity) 

*SC-U  B  3.1  X  O.283  —  0.9 
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This  indicates  that  no  increase  in  heat  transfer  area  is  necessary. 
However/  to  avoid  an  excessive  pressure  loss  in  cooling  water/  tubing  of 
larger  size  is  required.  A  15^  increase  in  tubing  weight  is  estimated/  thus 

127  x  0.15  -  20  lb 

and  HE  3  will  weigh  205  +  20  -  225  lb. 

VII.  Drier 


V  B 

BO,  avg 


5/420 


Q  =  302,000 


%20,  cooling  -  5/500  lb/hr 


No  pressure  losses  suffered  by  the  BG  were  calculated.  Because  it 
has  been  assumed  that  a  large  loss  takes  place  in  the  tubes  of  HE  1,  it 
is  estimated  that  the  BG  will  reach  the  drier  with  the  same  pressure  as 
in  the  case  of  S ST  FP  1,  namely  37.8  psia,  despite  the  fact  that  the  initial 
air  pressure  is  higher  (160  psia)  in  FT  #2.  • 


Using 
Appendix  F) 


VSBG,  in  *  158.9  (3.145  x  1.012)  -  506  cfm 
VDry  BG,  out  a  196.8  (3.145  x  0.944)  *  584  cftn 

VBG,  Avg  "  51+5  cfm 

the  summary  of  data  for  CaClg  and  zeolite  (Section  VII, 
and  applying  the  volumetric  factor 


FVol 


545 

147 


3.708  we  get: 


Agent 

Volume,  ft^ 

Weight,  lb 
Length  (ex  tubing) 
Hours  (no  regen. ) 


CaClg 

30.8 

1.572 

5.14 

185 


Zeolite 

54.5 

2,095 

9.08 

185 


Combined 

85.3 

3,667 

14.22 

185 


The  length  is  a  function  of  the  cross-section,  which  in  turn 
is  a  function  of  the  parameters  and  recaamendations  for  zeolite  desiccant 
given  in  Section  VII,  Appendix  F. 
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Cross-section:  width  *'  3  ft 

height  »  2  ft 

#  O 

area  <*  6  ft. 

Gas  velocity  =  5U5  :  6  =  90.8  ft/min 
Length  zeolite  section  =  5U.5  7  o  =  9.08  ft 
Equivalent  circle  diameter  «  £(4  x  6)  -7 tr]  =  2.77  ft 
L/D  ®  9.08  7  2.77  =  3.28  *  .  . 

Thus  the  above  cross7section  satisfies  all  the  criteria 

for  zeolite. 


Using  the  same  size  tubing  as  in  SST  FP  1,  the  following 
changes  take  place  because  of  the  new  c.-oss  section: 

Nt/b  “  24 

as  =  2.16  ft2  . 

Gs  -  2,510  lb/ (ft2) (hr) 

At/b  "  °*0277  ft2/bank 
Gt  =  198,600  lb/(ft2)(hr) 

How: 


Fq 


302,000 

87,900 


3.44 


f  ■  ?j.977. 

os  2,512 


0.827  • 


hence 


127,000 

198,600 


0.64 


FSC-U  “  3.W+  x  0.827  x  0.64  =  1.82 
Consequently,  the  weight  of  the  cooling  tubing  becomes 


237  x  1.82  *  431  lb 


The  duct  weight  is  calculated  for  the  new  size  of  drier  using 
£-inch  thick  aluminum  sheets.  Volume  material  5/830  inch^,  and  the  weight 


is  577  lb. 
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Thus: 

Screens  (3x6  ft2  x  1.7  lb/ft2) 

30  lb 

Weight  of  duct 

577 

Weight  of  cooling  tubing 

^31 

Weight  of  desiccants 

3,667 

Weight  of  gas  filter 

10 

^ cooling  water 
Accessories  <  water  tank 

285 

20 

[  pump 

30 

Total 

5,050  lb 

Optimization  of  the  entire  system  for  SST  FP  2  in  general,  plus  ad¬ 
justments  for  the  smallest  possible  pressure  losses  in  BG,  would  lead 
(in  addition  to  general  reduction  in  weight)  to  reduction  of  the  volumetric 
flow  rate  of  BG  (as  it  would  be  under  hi^ier  pressure).  In  situations  where 
the  quantity  of  drying  agent  is  dictated  by  performance  efficiency.-  this 
should  result  in  a  further  weight  reduction. 
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APPENDIX  H 


HEAT  AND  MASS  BALANCE 

AND  EQUIPMENT  DESIGN  FOR  TACTICAL  AIRCRAFT 


APPENDIX  H 


HEAT  AND  MASS  BALANCE 

AND  EQUIPMENT  DESIGN  FOP.  TACTICAL  AIRCRAFT 

I.  Material  and  Heat  Balance  for  Design  Conditions 

Case  II  differs  from  Case  I  (for  the  SST)  mainly  in  that 
exchanger  HE  3  is  omitted  because  the  fuel  used  as  coolant  in  HE  2  is 
cold  enough  to  condense  a  substantial  amount  of  water  from  the  combustion 
products,  and  deliver  the  uncondensed  gases  to  the  drier  at  85 *F.  A 

minor  difference  between  the  cases  is  that  conversion  level  in  Case  II  is 
75%  versus  96%  in  Case  I.  In  view  of  the  similarity  in  calculations  to 
those  presented  in  Appendix  E,  fewer  details  are  listed. 


Conditions  and  flows  are  set  forth  in  Figure  43.  Following 
is  a  tabulation  of  the  important  values. 


Molar  volume  of  vapors  in  fuel  tank 


476  ft^/lb-mole 


Air  requirement  (volume) 
(lb-moles) 


184  cfm 

0.386 


(weight) 


11.2  Ib/min 


Water  formed 
Fuel  requirement 


0.73  lb/min 
0.833  lb/min 


Combustion  .roduct  Mixture: 


Component 

%  Vol. 

i  wt. 

Flow,  lb/min 

n2 

74.71 

71.36 

8.57 

C02 

9.93 

14.91 

1.79 

H20 

9.93 

6.10 

0.73 

02 

4.97 

5.42 

0.65 

c1qJ*20 

0.46 

2.21 

0.26 

100.00 

100.00 

12.00 

Excess  fuel  (condensable) 

(non-condensable ) 

Dry  BG  (ex  non-condens.  fuel) 
Preheat  temp,  (air  +  fuel  mixture) 
Heat  removed  via  combustor  coolant 


0.252  lb/min 
0.013  lb/min 
UJOS  lb/min 
1,120*F 
9/060  BTU/min 
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Snt  transferred  In  KK  It 


to  air 

303  BBJ/ain 

to  fuel 

74  BTTJ/min 

Temp,  of  BG  leaving  HI  1 

1,234 *F 

Condensed  in  HE  2: 

water 

0.439  lb/min 

fuel 

0.252  lb/mln 

Heat  removed  from  BG  in  HE  2 

4,330  BTO/nin 

flow  of  coolant  (fuel)  to  HE  2 

95  lb /min 

Temp,  of  BG  leaving  HE  2 

85  *F 

Fraction  of  water  condensed  in  HE  2 

60% 

The  remaining  40j£  of  the  combustion  water  is  removed  in  the  drier.  However, 
in  calculating  the  capacity  of  the  drier  over  an  entire  flight,  allowance 
must  be  made  for  the  fact  that  during  75%  of  the  flight  average  conditions 
prevail  and  70%  of  the  water  is  removed  by  condensation.  Bras,  over  the 
flight: 

Hater  condensed 

2.86  lb  (67.9%) 

Hater  absorbed  in  drier 

1.37  lb  (32.5%) 

Heat  duty  in  drier 

4ll  BTU/min 

Coolant  flow  to  drier  (and  combustor) 

8.3  lb/min 

Temp .  of  coolant  (HsO)  leaving  drier 

89.5T 

The  water  leaving  the  drier  at  09. 5*?  i*  delivered  to  the  combustor  for 
cooling  duty ,  where  it  is  converted  to  steam. 


The  molar  quantities  for  design  calculations  are  as  follows: 


"Air 


"Air-fuel 


%} 


0.386  lb-ooles/nin 
0.392  Ih-aoles/nin 

0.409  lb -moles /min 

0.366  lbneoles/nin 

(includes  dry  gas  plus  non -condensed  fuel  vapors) 


"Moist  Ballast  Gas 


327 


II.  Equipment  Design 

The  following  presentation  higjili^vts  the  calculations  and  sura 
marizes  the  results;  details  are  given  only  where  the  calculation 
methods  differ  essentially  from  those  used  in  Case  I. 

a.  Air  and  Fuel  Feed 

1.  Air  Pipe  from  HE  1  to  Annulus  of  Vaporization 
Chamber  Outlet  Pipe 

The  air  in  this  pipe  has  been  preheated  in  HE  1. 

Wair  »  11.2  Ib/min  »  6?0  lb/hr 

t  »  1,300*F 

P  ■  36.0  psia 

Pipe  material  ■  3^6  SS 

OD  a  2.25  in  ID  *  2.12  in 

Re  -  0.1767  x  27,400/0.1007  »  U8,000 

A  P  «  1.85  psi/100  ft  pipe 

equivalent  length  (incl.  fittings)  =  35  ft 

A  P  ■  1.85  x  0.35  »  0.65  psi 

P  .  reaching  annulus  of  outlet  pipe  connecting 
vipSrizatian  chamber  and  reactor  •  35*3  psia 

Wpipe  -  6  x  (1.5  lb/ft)  -  9  lb 

2.  Vaporization  Chamber  Inlet  Pipe 

Air  for  atanization  »  3.7  cite 
-  12.2  lb/hr 
Pipe  material  a  315  SS 
OD  *  0.5  in  ID  ■  0.48  in 
Re  -  390 
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A  p  ■  0.07  pal/100  ft 
equivalent  length  ■  12  ft 
Ap  .  0.01  p«j 


pair  nozzle  -  35. 0  pile 

Weigit  of  pipe  -  5  x  (0.12  Ib/ft)  -  0.6  lb 

3.  Preheat  Pual  Pipe 

Wp  ■  0.833  lb/min  ■  50  lb/hr 
t  -  300*P 

Pipe  material  »  316  SS 
1/8"  IPS  schedule  5 

QD  -  0.405  in  ID  -  0.335  in  Wpljm  •  0.14  lb/ft 
He  -  2,530 

A  P  -  0.29  psi/100  ft  pipe 
equivalent  length  •  11  ft 
Ap  •  0.04  pal 

Weight  fuel  pipe  -  1^3_lb 

4.  Vaporization  Chamber  (VC) 

Nozzle 

The  fuel  delivery  la  0.151  gpa 

Nozzle  No.  22  of  Spraying  Systems  Co  (Bellvood, 
Illinois)  is  selected. 

Weight  of  nozzle  ■  0.5  lb 

Spray  angle  ■  18* 

Minima  cone  length  ■  27  inch 
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VC  Dimensions  and  Weight 

Referring  to  the  following  diagram  which  represents 
one-half  of  the  transverse  section,  by  geometrical  relationships  we  find: 


H>VC  ■  2  B  -  9.5$  In 
vail  thickness  -  0.125  In 


0Dyc  -  9.83-  in 

Using  a  density  of  0.29  lb/in^  for  316  S3,  the 
weight  tfyC  -  27  lb 

Pressure  Drop  in  VC 

The  total  loss  of  pressure  in  the  nozzle  and  vaporization 
chamber  is  estimated  at  20j  of  the  gage  pressure  of  the  air  reaching  the 
nozzle.  Thus 


A  P  -  0.2  x  21.04  -  4.21  pal 


and  the  fuel-rich  mixture  leaves  the  vaporization  chamber  at  l£.8  pslg 
or  31.5  pala. 


5.  Heater  for  Vaporization  Chamber  (VC) 


During  the  startup  period,  air  is  available  at  250*P, 
and  cannot  be  preheated  in  HE  1  Uutll  the  combustor  approaches  operating 
temperature.  Temperature,  enthalpy  and  flow  rate  data  are  used  to  calculate 
the  amount  of  heat  to  supply  via  electric  heaters  to  insure  vaporization  of 
the  fuel. 


Q  -  5,010  BTU/hr 
The  required  heater  is 


1.5  W 


However,  during  sudden  accelerations  it  may  became 
necessary  to  have  additional  heat,  hence  a  3  KW  heater  is  assumed,  and  its 
weight  is  estimated  at  3  lbs. 


Hote:  This  heater  functions  only  to  heat  the  fuel-rich  mixture 

passing  through  the  VC.  The  bulk  of  the  combustion  air  is 
heated  by  elements  located  within  the  annulus  of  the  VC 
outlet  pipe,  and  the  final  mixture  obtains  heat  from  elements 
located  in  the  ccmbustor. 


6.  VC  Outlet  Pipe 

This  double  pipe  is  designed  in  such  a  way  that  both 
fluids  (fuel-rich  mixture  from  VC  and  the  bulk  of  the  air)  arrive  at  the 
combustor  with  the  same  pressure.  Bie  pipe  for  Case  II  is  the  same  as  that 
used  in  Case  I,  and  details  are  given  in  Figure  F-2  in  Appendix  f . 


Inner  (core)  Pipe  for  Fuel-Rich  Mixture 
WF-A  nix  *  12.2  +  50  a  62.2  lb/hr 

In  a  manner  similar  to  that  used  in  Case  I  it  is  determined  that 
Gf_a  nlx  *  7,700  lb/fta-hr 
Re  -  U,100 

A  P _  -  0.14  psi/100  ft 

100 

Since  2.8  ft  of  pipe  will  be  used, 

AP  ■  0.14  x  0.028  «  0.004  usi 


and  the  fuel-rich  mixture  will  reach  the  combustor 
at  16.8  psig. 


Annular  Space  for  Air 

Wn^r  =  11.07  lb  /min  =  664  lb /hr 

t  »  1,120*F 


Again,  by  methods  used  in  Case  I,  we  find 
Ga  =  56,300  lb/ft2-hr 


Rea  =  9, OCO 


A  p 


The  air  reaches  the  annulus  at  20.6  psig  (see  above) 
and  the  fuel-rich  mixture  reaches  the  combustor  at  16.8  psig.  Equalization 
of  the  pressure  requires  that  the  air  stream  lose  3-8  psi  on  passage  through 
the  annulus. 


Consequently,  the  length  of  -ihe  pipe  is 


2.8  ft 


Weight  of  the  VC  outlet  pipe 

The  weight  of  the  double  pipe,  with  fins  and  heating 
elements  is  4.65  lb/ft. 

Therefore,  the  veigit  of  the  outlet  piping  is: 

4.65  x  2.8  =  13  lb 
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Total  Weight  of  Air  and  Fuel  Feed 


Air  pipe  (main)  9  lb 

Air  pipe  (VC  inlet)  0.6 

Fuel  pipe  1.3 

Vaporisation  chamber  27 

Ifozzle  0.5 

Heater  3 

Outlet  piping  13 

Added  for  fittings  0.6 

Total  55  lb 


b.  Combustor 

The  respective  advantages  of  the  radial  reactor  and  the 
segmented  reactor  have  already  been  mentioned.  The  segmented  reactor  is 
chosen  for  the  tactical  aircraft  mainly  because  it  is  simple  to  construct 
with  catalyst  separated  from  cooling  coils  (hence  no  need  for  catalyst 
diluent  Just  to  submerge  the  coils).  Reactant  mixing  is  less  easily 
accomplished,  however,  and  the  temperature  gradient  through  each  layer  of 
catalyst  is  probably  greater  than  would  be  the  case  with  closely  spaced 
coils  in  the  radial  design.  Although  not  evaluated  in  this  study,  a 
segmented  radial  design  might  represent  a  good  combination  of  the  favorable 
features  in  each  design. 

Fig.  35  &  V*  show  schematically  how  the  segmented  reactor  ties 
in  with  other  components,  and  also  indicates  the  staged  introduction  of  com¬ 
bustion  air.  Determination  of  the  exact  amount  of  air  to  be  admitted  at 
each  stage  has  not  been  made.  This  will  depend  largely  on  safety  considerations 
For  the  present  conceptual  design,  a  simplified  approach  is  taken.  It  is 
assumed  that  all  the  air  and  fuel  enter  the  combustor  simultaneously  from  the 
double  pipe  inlet  and  mix  well  before  reaching  the  first  catalyst  layer.  To 
assure  attainment  of  the  desired  conversion  level,  thicker  catalyst  layers 
are  used  as  the  advancing  mixture  of  gases  becomes  more  and  more  Oxygen  depleted 
Thus  the  first  layer  is  shown  to  be  £-inch  thick,  the  second  3/8-inch  and  the 
third  1/2 -inch  thick.  Other  layers,  if  necessary,  may  be  thicker  by  the  same 
or  different  increments.  The  heat  transfer  surface  requirements  are  calculated 
for  the  total  heat  load  (not  for  individual  segments),  and  used  to  determine 
the  total  number  of  cooling  banks.  Ho  attempt  is  made  to  distribute  or  assign 
a  given  number  of  banks  to  a  given  segment.  The  pressure  drop  is  calculated 
for  the  entire  unit,  assuming  some  average  property  values  for  the  gas. 
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The  cross-section  of  the  combustor  can  be  varied.  It  governs 
the  velocity  of  gases.  Together  with  the  required  volume  of  catalyst,  it 
determines  the  total  thickness  of  the  individual  layers,  and  the  pressure  drop 
through  the  unit. 

Distribution  baffles  are  placed  in  the  diverging  entrance 
section  of  the  combustor,  to  mix  the  entering  gas  streams  and  to  distribute 
the  resulting  mixture  to  the  first  catalyst  layer. 

The  heating  elements  immediately  in  frontof  the  first  catalyst 
layer  are  used  to  preheat  the  combustor  at  the  start  of  a  flight,  and  to 
supply  additional  heat  when  needed  after  the  initial  warmup. 

1.  Catalyst  and  Combustor  Cross-Section 

As  previously  calculated,  the  amount  of  catalyst  for 
7556  oxygen  conversion  at  the  design  conditions  is: 

0.066  ft 3  or  2.7  lb. 

Several  trials  showed  that  a  1  ft  x  1  ft  square  duct 
provides  a  reasonable  configuration,  with  three  catalyst  layers  of  1/4", 

3/8  in,  and  1/2  in  thickness.  The  volume  of  catalyst  is  distributed  as 
follows : 

Layer 
1 
2 
3 


Total  1.125  inch 


0.0942  ft3 


Thus,  the  weight  of  the  catalyst  used  is 


0.0942  x  40.6  ■  3.8  lb 


This  Is  about  40)6  in  excess  of  the  calculated  amount.  The  excess  is  regarded 
as  assurance  that  the  desired  conversion  will  be  achieved  when  a  charge  of 
catalyst  nears  the  end  of  its  service  life.  Alternatively,  the  4056  additional 
volume  could  be  occupied  by  a  low-density  granular  diluent,  in  which  case  a 
reduction  in  weight  would  be  effected,  equal  to 


(0.094  -  0.066)  (40.6  -  25.0)  -  0.44  lb 


Six  screens  are  required  to  keep  the  catalyst  in  place. 
Assuming  a  0.041  inch  wire  diameter  the  unit  weight  is  1.7  lb/ft2  and  the 
weight  of  six  screens  is 

6  x  1.7  *  10.2  lb 
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2.  Heating  Elements 


The  heating  elements  are  shielded  elec*..',  resistance 
wires.  They  are  3/16  inch  in  diameter  and  are  spaced  0.3 T  »••<'  ■  t  »  t- 
Thus  there  are 


12  *  0.375  "  32  elements. 

They  weigh  about  0.1  lb /ft,  thus  their  weight  is 

32  x  0.1  -  3.2  lb 

3.  Data  for  Transfer  of  Combustion  Heat 


as  follows: 


The  overall  transfer  of  combustion  heat  may  be  described 


VA_p  mlx  -  V^q  -  12.003  lh/min  -.720  lb /hr 

V>  cool  “  8*3  "  500  “A*1 

^Total  *  9,06^4  BTU/min  -  544,000  BTU/hr 


%a0  Preheat  "  500  x  1  x  (212-90)  -  61,000  BTU/hr 
%s0  vapor iz  -  500  (1, 150.4-180 )  r  483,000  BTU/hr 
Moist  BG  is  to  he  maintained  at  1,337°F. 


Cooling  water  enters  at  90*7,  is  preheated  to  212*7,  then 
vaporized  to  steam  at  212*7. 


1# 337*7 


Gas 


->  1,337*7 


212*7 

Steam 


212*7 

""N.  90*F 
.  water 


Since  cooling  water  reaches  the  canbustor  at  90 *F  and 
leaves  as  steam  at  212*7,  two  sections  are  considered  (one  in  which  water 
is  preheated  to  212*7  and  the  second  in  which  water  is  vaporized)  rather 
than  one  section  for  which  the  properties  of  water  at  90*7  are  averaged 
with  those  of  steam  at  212*7.  Also,  it  is  assumed  that  in  the  vaporization 
portion  the  air-fuel  mixture  comprises  20 f>  of  the  gas. 
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(a)  Water  Preheating  Section 


Hot  Fluid 

| 

Cold  Fluid 

Difference 

1*337 #F 

Higher  temperature 

212*F 

1>125*F 

i,3.;74f 

Lover  temperature 

90*F 

1,2U7*F 

0 

Difference 

122*7 

122  *F 

1HTD  - 


25 

2.3  log  1#125 


-  1,185*F 


R  * 


S 


-  122 

lTsKf 


0.1 


Ft  assumed  to  be  1,  that  is,  no  correction 
AT  -  1i185*F 
Tc  »  1,337*F  for  MBG 

tc  ■  (90  +  212)  i  2  =  15l‘F  for  cooling  water 
For  KBG  a-  1> j37*F  and  30  psia  we  get: 


k 


Component 

Component 
Weight  W, 
lh/min 

yM 

Viscosity, 

cps 

JK* 

°P 

Sp.  Heat 
BTU/(lb)(°F) 

CpW 

Conductivity 

aru/(hr)(ft?) 

(°F/ft) 

kW 

CO2 

1.79 

O.O385 

0.0689 

«a 

8.57 

0.039 

0.33M 

Oz 

O.65 

0.01+58 

0.0298 

HaO-Vapor 

0.73 

0.0363 

0.0265 

0.51+5 

0.179 

0.073 

0.06 

Fuel  Vapor 

0.26 

0.027 

0.0072 

0.815 

0.216 

0.01+21 

0.0] 

Air* 

11.01 

m 

- 

0.272 

2.994 

0.0388 

o.u; 

Total 

12.01** 

0.4665 

3.389 

o.4< 

ST  property 

2  w 

x  W 

0.0389 

0.282 

0.01 

"properties  of  air  were  used  whenever  properties  of  CO2,  H2  and  O2  were 
unavailable.  The  weight  of  air  is  equal  to  the  sum  of  weights  of  CO2,  H2  and  Oa 

**Thfi  total  weight  is  equal  to  the  sum  of  weights  of  COa,  Ha,  Oa,  water  vapor 
and  fuel  vapor  (or  air,  water  vapor  and  fuel  vapor). 
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/<B0  “  °‘°309  <**  *  °‘°^  lb/(ft)(hr) 
Cp  M  -  0.282  BTO/(lb)(*?) 
k^  -  0.0U15  BTU/(hr)(ft®)(*F/ft) 


f*BO  ■  1 

VM  -  642  ft3/lb-oole 

Vr_y  -  10.27  (14.7  i  30)  -  5  ft3/lb 

VBO  “  VM  *  ^**8  *  *0a  4  %>a  +  "HaO  Vapor)  ♦  VF-V  *  ^.V(total) 
x  l4o) 

-  0.407  VM  ♦  0.265  V,_y  -  263  cfta 
f no  -  0.0457  lb/ft3 

S_  -  0.000732 
BO 

For  cooling  water  at  151*F  wa  grt 


yl(  «  0.44  cpa  ■  I.065  lb/ (ft )  (hr ) 
Cp  -  1  BTO/  (lb  )  (  *7) 
k  -  0.376  BTU/(br)(ft®)(*F/ft) 


f  -  8.18  lb/gal  -  61.2  lb/ft3 
8  ■  1 

V  ■ 

HsO  Cool 

VHa0  Cod  " 


0.01635  ft3/lb 

8.3  x  0.01635  -  0.136  cfta  -  0.00226  cf» 


(b)  Water  Vaporization  Section 


Hot  Fluid 

Cold  Fluid 

Difference 

1,337'F 

Higher  temperature 

212  *F 

1,125 

1»337*F 

Lower  temperature 

212*? 

1/225 

0 

Difference 

0 

0 

Thus,  in  theory,  a  constant  temperature  difference 
of  1,125  exists  at  all  times  and  no  temperature  correction  is  applied. 

At«l,125*F 

Tc  "  1»337*P 

tc  ■  212*? 

Properties  of  Gases  at  1337*F  and  30  psia 


These  gases  consist  of  8o£  moist  ballast  gas  and  20 £  air-fuel 
mixture.  For  BG  the  values  used  in  the  water  preheating  section  apply.  For 
the  air-fuel  mixture: 


Property 

Air 

Fuel  Vapor 

Air-Fuel  Mixture 

)K,  lb/ (ft) (hr) 

0.102 

0.065 

0.099 

Cp,  Bru/(ib)CF) 

0.272 

0.815 

0.31 

k,  BTU/(hr)(ft2)(*F/ft) 

0.0388 

0.0421 

O.Q39 

VA-F  mix  *  VM  x  WAir  +  7F-V  *  ^ 

«  642  x  0.387  +  5  x  0.833 

■  252  cfm 

The  general  expression  used  to  determine  the  properties  of  interest: 
PropertyAvg  ■  0.2  Property^  ^  ♦  0.8  PropertyBG 

>^Avg  "  0,095  lb/(ft)(hr^ 

°p  Avg  "  °*288  BTD/(lb)CF) 

k  «  0.041  BTU/(hr)(ft2)(*F/ft) 

^°P  Avg  *  AvgV/3  «  0,874 
Avg  ' 
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1 

26l  cfm 
0.046  lb/ft3 
0.00074 


Pot  Water  and  Steam  at  212*P 


- grotty 

— .  Water 

Steaa 

M 

^1,  lb/(ft)(hr) 

0.63 

0.0303 

A vcra|?e 

0.33 

Cp,  BTU/(lb)(*F ) 

1 

0.35 

0.68 

k,  BTU/(hr )(ft2)(*7/ft)  0.4l 

0.016 

0.213 

V,  ft3/ib 

0.01672 

26.80 

V,  eftn 

0.1388 

222.4 

111.2 

f  ,  lb/ft3 

Q 

59.8 

0.0373 

0.075 

3 

1 

0.0006 

0.0012 

fb  avg  ^arfA 

'  *avg  / 

1/3 

•  1.018 

-  1.33 


(c)  Tubing  (316-SS) 

Tubing:  ODj  -  0.75*  wall  -  0.025"  H)t  -  0.7" 

-  13.92  BTU/(hr)(ft2)(*F/ft) 

Pina:  bf  -  0.125"  tb,  -  0.035"  *  -  8  fiaa/inch  tubing 

ye  -  0.5"  rb  -  0.375" 

Bank  arrangement:  square  pitch 


“  12  tubes/bank 

8p  -  Sj,  »  Va  -  1" 


the  apecific  gravity,  S&Yg,  vhich  ia 

■  ^avg  7  62 
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Duct  Side 


Aj.  .  JL  (l2  -  0.752)  x2x8xl2*66  iach2/ft  *  0.458  ft2/ft 

Aq  -  V  x  0.75  x  12  x  (1-8  x  0.035)  -  20.4  inch2/ft  -  0.141  ft2/ft 

P  ■  2  x  0.125  x2x8xl2  +  2  (12-8  x  0.035  x  12)  -  65.3  inch/ft 
p  -  5.1*4  ft/ft 

a8  *  12  x  1  [l2  x  1-12  (0.75  +  2  x  8  x  0.035  x  0.125 )]»  25.9  inch2  »  0.18  ft2 

G_  *  -  4,000  lb/(ft2) (hr) 

8  0.18 

hd  -  602  BTU/(hr)(ft2)(aF) 

Tube  Side 

_ ^  =  3-  x  0.72  ,  0.385  inch2  »  0.00267  ft2 


At^b  ■  12  at  *  0.032  ft2/bank 

det  *  0.7  f  12  -  0.0583  ft 

°t  C  q^§2  *  15,600  xb/(ft2)(hr) 

h^  *  500  BTU/(hr)(ft2)(*F) 

Fin  Efficiency  and  Inside  T>3be  Area 


£e 

rb 

*b 


0.375 


1.33 


(0.035  f  2)  f  12  «  0.00146  ft 


/_  _  \  - -  0.5-0.375  /  k*f  »,«-  0.5 

f^zr  ■  12  y  13. 92  x  0. 00146'  *0.0104  (^03) 

at  -  Tx  0.7  x  12  -  26.4  inch2/ft  -  O.I83  ft2/ft 
Ait/b  “  12  ai  x  1  *  2.2  ft2/bahk 
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Pressure  Drop,  Duct  Side 


VKp-lxlx^-lSxJLx-jij-  [0.752  +  0.035  x  8  (l2-0.752)] 
-  0.0385  ft3 

Sp  -  12  (0.458  ♦  0.141)  x  1  -  7.19  ft2 

D*«r  "  -  0.0214  ft 

/nl  \  ft  I.  ..  -  0.4 

■  0.58 

-  1 


4.  Heat  Exchange  Surface  _ 

(a)  Water  Preheating  Section 


Heat  Transfer  -  Duct  Side 

Res  -  Q-07  x^OOO 
8  0.094 


3,000 


if  m  30  (see  Ref.  l) 

hf  -  3°  x  x  0.862  x  1  -  15.3  BITl/(hr)(ft2)(*F) 

h'f  ■  ■  15  BTO/(hr)(ftg)(T) 


Heat  Transfer  -  Tube  Side 

.  0.0583  x  15,600 
R«t  1.065 


860 


Jhi  *  6  (see  Ref*  2) 

hi  "  6  X  -§io5§3  *  1*Ul5  x  x«33  -  72.8  BTO/(hr)(ft2)(*F) 
h,i  ‘  ■  ^3-6  BIU/(hr)(rtg)CF) 

Heat  Transfer  -  Overall  U  and  Area 


A 


*t*b 
0.975 


-  0.28 

(see  Ref.  3) 
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(c)  Number  of  Banka 
*1?  "  AH/  HaO-Liq  +  Ail,  HaO-Steam 
-  1.88  +  17.14  -  19  ft2 
Hj,  -  -  8.65  —  9  tanks 

Csfc 


5.  Pressure  Drop 
(a)  Duct  Side 

The  pressure  drop  in  the  BO  as  it  flows  through 
the  combustor  is  the  sumnation  of  five  individual  losses*  each  of  which 
is  calculated  as  fellows: 

•  Pressure  loss  due  to  gradual  expansion: 

Pressure  of  gases  reaching  combustor  ■  16.83  psig  ■  31*93  pal 
Loss  in  diverging  cone  estimated  at  8&  incoming  gas  gage  • 
pressure.  Sms 

A  Pi  -  0.08  x  16.83  -  1.39  pal 

Consequently^  the  pressure  of  air-fuel  mixture  reaching 
the  heating  elements  »  19.48  psig  -  30.18  psia. 

•  Pressure  loss  through  layers  of  catalyst! 

V0  ■  velocity  of  fluid  in  "empty"  bed,  ft/sec 


®p  • 

p- 

Re  ■ 
thus 

A  P2 


0.00625  ft 
0.046  lb/ft3 

0.095  lb/ (ft) (hr)  =  0.0000264  lb/(ft)(sec) 

0,00625  x  0.046  x  4.35  .  . 

0.000026  U 

the  flow  is  turbulent;  consequently 

*  g,3g  x  A°‘15  x  L  *  *  vq1,85  *  Af 

Dp  1*15  x  144 


L  ■  bed  thickness  »  -t  2zE1~L2j2.  »  0,094  ft 
Af  *  wall  effect  factor  *  1 

*  „  2.36  x  (0.0000264 )°* *5  x  0.094  x  (0.046)0*85  x  (U.35)1*®5  x 

A  P2  - - (o.6&257^x  iW - -  - 

APa  *  Ojlgjjjs^l 

•  Pressure  loss  through  screens: 


For  method  and  data  see  under  Combustor,  Appendix  F 
p«  0.046  lb/ft-3  -  0.000737  g/cc 
/l«  0.093  lb/(ft)(hr)  *  0.0393  cps 
P  -  1312 
V0  -  4.35  ft/sec 

Re  -  AW.  =  1312  x  4.35  x  0.000737  .  1W 

^  At  0.0393  — 

C  ■  factor  from  manufacturer's  graph  ■  1.05 

oC*  0.05 

Ap3  =  <*  no2  =  9».95. a  0.00064  psi 

C2  (1.05)2  per  screen"" 

since  there  are  6  screens 

AP3  *  6  x  0.00064  =  OjOOUpsi  (negligible) 
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•  Pressure  loss  due  to  cooling  colls: 


It  Is  assumed  here  that  the  bask  of  heating  elements 
and  the  fuel  preheating  pipe  each  have  the  same  effect  on 
pressure  drop  as  one  bank  of  cooling  coilu,  thus 


1^  -  (Nj,  +  2)  V,  -  (9  +  2)  x  k.  -  0.92  ft 


f  -  0.00285  (Ref.  l) 
f  x  0»g  x  U 
A  “  5.22  x  10^  x  D’e, 


tittt;  (¥)  '  (|) 


0.00285  x  (4,000)2  x  0.92  x  0.58  x  1 
"  5.22  x  lO^x  0.0214  x  0.000732  x  1 

•  Pressure  loss  in  "orifice": 


This  orifice  is  used  during  startups  as  the  supporting 
frame  for  the  "flaps"  used  to  isolate  the  rest  of  the  system 
until  the  combustor  is  brought  up  to  temperature. 

For  details  of  method  see  under  HE  2,  Appendix  F. 

*r‘  *  srr&s  '  «/“<= 

•W'  ff  '  •  »*  (colmm  of  BO) 

Thus  py  «  ?-  .  0.003  psl 

Ax  -  12  x  12  »  lU4  inch2 

Ag  *  8  x  8  ■  6h  inch2  (2  inch  high  barrier) 

Ag/Ax  -  O.Uh 


(i  .  1).  0.35 

APs  -  0.35  x  0.003  -  0.001  usl  (negligible) 

•  Total  pressure  loss  in  combustor  duct 

APj  -  1.35  +  0.12  +  0.00U  +  0.03  +  0.001 
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Thus  the  pressure  of  moist  BG  leaving  the  combustor  is 

16.83  -  1.51  -  15.32  psig 
*  30.02  psia 


*MBG  leavlnS  combustor  *  30. 0  psia 

(b)  Pressure  loss  in  tubes 
»  15 >600 
Re^  a  860 

f  =  0.0006  (Ref.  U) 

0.0006  x  15.6002  x  1 _ _ 

A  ^ank  0  5.22  x  1010  x  0.0583  x  0.0012  x  1.33 

“  0.03  psi/l  ft  long  bank 

Each  return  bend  or  header  is  equivalent  to  4.2 
linear  ft  of  pipe  thus 

A  Preturn  “  0.03  x  **.2  =  0.126  psi/return 

Consequently*  total  pressure  loss  in  tubes  is 
APt)  Total  =  9  x  0.03  +  10  x  0.126 
“  !^3  psi 

6.  Fuel  Preheating  Pipe 

This  pipe  is  located  at  the  downstream  end  of 
the  combustor  rather  than  in  HE  1  because  this  allows  the  fuel  to  be  pre¬ 
heated  during  the  start-up  operation. 

The  tubing  size  and  heating  method  are  the 

same  as  for  the  SST. 

Wp  »  0.833  Xb/min  =  50  lb/hr 
Q  »  74  BTU/min  =  4,440  BTU/hr 


3W 


1*337 

1*337 


Higher  temperature 
Lower  temperature 


Difference 


1*037 

1*107 


1*107  -  1.037 
2.3  log 


1*109*? 


1*037 


Ho  correction  is  applied. 

Te  -  1*337*F 


tc  «  225 *F 

Data  for  BG  at  1, 337*F  are  given  above. 

Data  for  fuel  at  225 *F 

Jl?  *  0.55  cps  »  1.33  lb/ (ft) (hr) 

CpF  -  0.580  BTU/(lb)(*F) 

kF  -  0.0757  BTU/(hr)(ft2)(*F/ft) 

(Cp/A)1/3  *  2.17 

f>F  -  5.787  lb/gal  -  1*3.3  lb/ft3 

Sp  «  0.69b 

f>¥  -  1.09 

Assuming  5  tubes  in  the  bank,  we  get 
as  -  14b  -  5  (0.1*05  +  2  x  0.1  x  0.035  x  8)  12 
■  116.3  inch2  -  0.808  ft2 
Gs  -  900  lb/ (ft2) (hr) 

Rea  -  380 

3f  =■  6.8  (Ref.  l) 

to*  *  6*8  ^^'93  *  O*862  x  1  =  6.2  BTU/ (hr )(ft2)(*F) 
hp  ■  6.1  BTU/(hr)(ft2)(*F) 

Gt  -  50/0.000 6  =  83,bOO  lb/ (ft2) (hr) 
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Jhi  -U  (Ref.  2) 

hi  "  U  x  2,17  x  1,09  "  25»6  BTU/(hr)(ft^)(*P) 

hd  -  250  BTTj/ (hr)(ft2)(*P) 
h\  -  23.2  BHJ/(hr)(ft2)CF) 

Jl  »  0;99  (assumed  the  same  u  for  8ST) 
h'fi  "  (0.99  x  0.2115  ♦  0.0764)  m  20  BTU/(hr)(ft2)(*P) 


4,440 

10.7  x  1,109 


-  0.4  ft2 


0.4 

0.0677 


4.5  ft  lin 


This  will  give  approximately  the  5  passes  assumed  initially, 
Weight  of  tubing  -  4.5  x  0.263  +  2  x  0.14 


7.  Weight 

All  equipment  items  are  made  of  316-SS,  except  when 

specified  otherwise. 


Catalyst  3.8  lb 

Screens  (6)  10.2 

Heating  elements  •  .  3,2 

Fuel  preheating  tube  1,5 

Cooling  tubing  (9  x  6.8  lb/bank)  61.3 

Duct,  baffles  (Hastelloy  C)  30.0 


Total 


110.0  lb 


e.  Heat  Exchanger  Vo.  1  (HE  1) 


HE  1  is  located  immediately  after  the  combustor.  The  "orifice" 
that  separates  them  houses  flaps  which  can  be  used  to  Isolate  the  com- 
buator  from  the  rest  of  the  system  during  start-up.  The  cross-section  of 
HE  1  is  rectangular,  2  ft  wide  x  1  ft  high* 

1.  Heat  Transfer 

The  size  of  tubing,  end  its  arrangement  are  the 

sane  as  in  the  combustor.  ' 

Q  -  22,600  BTU/hr 

WgQ  -  720  lb/hr 

WAir  *  620  115 

Air  enters  at  1,200*F  and  leaves  at  1,300*F 

Moist  BG  enters  at  1,337*F  and  leaves  at  1,234*1* 


Hot  Fluid  (BG) 

Cold  Fluid  (Air) 

Difference 

1,337*F 

Higher  temperature 

1,300*F 

37*F 

1,234*F 

Lover  temperature 

1,200*F 

34  *F 

103  *F 

Difference 

100  *F 

3'F 

IKTD  -  35.5’F 

R  -  1.03  S  -  0.73  Rt  •  °*7  (ref.  5) 
At  “  24.8*F 
Caloric  Temperature 

Arithmetic  averages  are  sufficient,  thus: 
for  BG:  Tc  -  1,286*F 
for  air:  tc  ■  1,250*F 
Data  at  above  temperatures 

BG  at  l,2d6*F  and  28.73  psia 

■  0.0383  cps  «  0.0926  lb/(ft)(hr) 

Cp  bo  -  0.3  BTU/(lb)(*F) 

kBG  "  O'O^OS  BTU/(hr)(fts)(*F/ft) 

"Allowing  for  heat  given  up  in  fuel  preheating. 

3^9 


0.882 


«  2 66  cfm 

.  0.01*51  lb/ft3  S  “  0.000722 
Air  at  1,250‘F  and  U0  psia 


-  O.OUl  cns  -  0.0992  lb/(ft)(hr) 

Mair 

-  0.27  BTU/(lb)(*F) 

Mr  "  0,0376  BTU/(hr)(ft2)(*F/tt) 

/fcp  air  y^alrN  ^/3 

V  Mr  / 


0.891* 


0.4,  *  1 


Vair  *  177.2  cfm 

fair  “  0,063  lb/n3  S  *  0,00101 
Heat  transfer;  duct  side,  BG 

as  ■  0.36  ft2 

Gs  »  2,000  lb/(ft2)'hr) 

Res  «  1,500 

Jf  ■  18.5  (ref*  1) 

hf  -  9.U5  E*nj/(hr)(ft2)(*F) 

b't  -  BTU/(hr)(ft2)rF_l 


Heat  transfer;  tube  side,  air 

-  20,950  lb/(ft2)(hr) 

Ret  *  12,300 
jht  “  (ref.  2) 

hl  -  26.5  BTU/(hr)(ft2)(*F) 
h^  »  333  BTU/(hr)(ft2)(*F) 
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f 

\ 


-  24.6  iIU/(hr)(ft2)Cr) 

gsat  transfer !  Overall  design  coefficient,  area  and  nunber  of  bank* 

(r.-rb)(h^/ktTb)0‘5  -  0.22 
■  0.98  (rtf.  3) 

-  30  BTU/(hr)(ft2)(*F) 

°W  "  jg  T  g!;|  "  BTU/(hr)(ffc2)(*P) 

Overall  design  coefficient  •  13.5  BTU/(hr)(ft2)(*F) 

22,600  „  o 

*11  "  13.5  x  24.8  "  67,7  n 

Ait/b  "  12  *i  x  2  "  4.4  ft2/bank 
«b  •-  15.4  banks 


loss: 


Amber  of  banks  ■  16 


2.  Pressure  Drop  on  Duct  Side  (BG) 

There  are  three  elements  In  the  overall  pressure 

•  pressure  loss  due  to  enlargement,  A  P^ 

•  pressure  loss  due  to  cooling  tubing,  APg 

•  pressure  loss  due  to  "orifice”,  A  P3 


(a)  Pressure  loss  due  to  enlargement 

This  enlargement  is  not  very  gradual  in 
order  to  save  space.  However,  since  it  is  not  from  a  pipe  with  relatively 
small  cross-section  to  a  comparatively  large  duct  cross-section,  but 
from  the  "orifice"  (area  64  inch2)  to  HE  1  duct  (288  inch2)  it  is  estimated 
that  a  loss  equal  to  0Jt  of  gage  pressure  takes  place. 

APi  -  0.08  x  15.32  -  1.23  psi 
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(b)  Pressure  loss  due  to  backs  of  cooling  tubing 
Vrf  -  0.077  ft3 
Bf  -  14.38  ft 
D'  -  0,0214  ft 


0.58 


f  -  0.00314  (ref.  1) 

Ip  -  WjjTg  -  16  x  1/12  -  1.333  ft 

Ap  .  0.00314  x  (2, OOP)2  x  1.333  x  Q.$8  x  1 
^  2  5.22  x  10-W  x  Q.QQlk  x  0.000722  X  1 


0.012  psl 


(c)  Pressue  loss  due  to  "orifice" 

This  is  the  divider  separating  HE  1  from  EE  2. 

It  is  a  2-inch  high  barrier  on  *vi  sides  of  the  duct.  As  in  the  "orifice" 
between  combustor  and  HE  1,  this  loss  is  found  to  be  negligible. 

(d)  Total  pressue  loss  in  the  duct 

A  Ft  -  1.23  +  0.012  1.25  psi 

Moist  BO  reaches  HE  2  at  14  psig  -  28.7  psla 

PBG  “  2®*7  piia 

3.  Pressure  Drop  on  Tube  Side  (Air) 
f  -  0.00027  (ref.  4) 


A  Pfaank 


0.00027  x  (20.950)2  x  2  x  1 _ 

5.22  x  lOio  x  O.O583  x  0.00101  x  1 

0.078  psi/2  ft  long  bank 


Each  return  bend  is  equivalent  to  4.2  ft  straight  pipe, 
and  so  are  assumed  the  headers. 

Ap^nd  *  4,2  x  0.5  x  0.078  -  0.164  psi/bend 

Thus 

A pt, total  *  16  x  0.078  +  17  x  0.164  -  4.03  psi 
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Thus,  the  air  frees  the  engines  that  readies  H5  1  at 
40  psia,  will  leave  it  at  21.27  psig  -  35.97  psia. 


pAir  “  &  P*u 


k.  Weight 

Cooling  tubing  of  316-SS  (13.2  lb/bank)  211  lb 

Duet  of  Hastelloy  C  61 

Total  272  lb 

5.  Check  of  HE  1  for  Other  Conditions 

The  heat  transfer  area  Is  calculated  for  conditions 
which  differ  from  the  design  ones  in  order  to  determine  If  the  above  unit 
is  adequate.  We  lode  for  a  condition  where  a  relatively  large  amount  of 
air  comes  In  at  a  low  temperature.  This  would  be  the  case  In  an  emergency 
dive,  with  engines  near  idle,  during  the  last  portion  of  the  landing  approach, 
when  altitude  is  decreasing  from  2,500  ft  to  sea  level.  If  this  approach 
lasts  for  1  minute,  30  efta  of  ballast  gas  at  15.1  psia  are  required.  Since 
the  engines  are  near  idle,  the  temperature  of  the  air  is  250*7, 

VM  -  398  ft 3/lb-mole 

vAir  “  32.3  efti 

-  0.0611  lb -mole  s/mi  n 

WAir  "  2*31+  lb /min  -  l4l  lb/hr 

%20-vapor,  lOOjt  cow.  "  °*2Ql*  lb/min 

"reaction  fuel  " 

Wjqjq  -  2.52  lb/min  -  152  lb/hr 

*Dry  BG  "  2,32  ^/nla  *  139  “>/fer 

The  situation  in  HE  1  becomes: 
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r  Ok 


Air  Oat  ^ 

t  -  ? 

h  »  ? 

Air  In 

■  2.34  lb/min  *  l4l  lb/min 

t  «  250*F 

h  -  52  BTU/lb 

—  .  .  r 

HE  1 

k 

L 

t 

F 

R.F.  Out 

Reaction  Fuel  In 

t  -  300*F 

WRF  “  0,175  lb/min 

h  -  147.5  BTU/lb 

t  -  150*F 

h  -  58.8  BTU/lb 

BG  In 

BG  Out 

WgQ  ■  2.5  lb/min 

WDry  BG  "  2,315  ^ 

t  s  1337 *F 

V-v  -  0,204  lb/min 

Qjjq  in  -  1,125  BTU/min 

t  -  ? 

'  1 

r  ft- . » 

%q  in  -  2.315  x  335  +  0.204  x  1,711  -  1,125  BTU/min 

We  assume  different  temperatures  for  the  air 
leaving  HE  1  and  calculate  the  heat  load  on  HE  1  and  the  temperature 
of  the  exit  BG.  Then  check  for  beat  transfer  surface  requirements.  Thus: 

i,  t  air  out  "  air  out  "  52) 

°BG  out  "  %G  in  “  A  2.,  t  air  out 

and  the  temperature  of  BG  leaving  HE  1  is  calculated. 


35^ 


Temperature 
of  Air 
Leaving  BE  1 
*air  out,** 

Beat 

Content 

4t  air  out, 
BTU/lb 

Beat  Load  on  HE  1 

Beat  in  Exit  BG, 

Temperature 
of  Exit  BO 
*B0  out,  *7 

1,112 

276 

525 

31,500 

600 

599 

1,200 

297.4 

575 

34,500 

550 

527 

1*300 

324.5 

639 

38,300 

48 5 

397 

First  we  check  HE  1  for  sir  1  erring  at  1,112*7,  as  this  will  allow  us  to 
use  the  viscosity,  conductivity  sad  specific  heat  data  already  generated 
for  the  SST,  Case  I. 


Hot  Fluid 

Cold  Fluid 

Difference 

1,337 

Higher  temperature 

1,112 

225 

599 

Lower  temperature 

250 

'  349 

738 

Difference 

862 

124 

(Ref.  5) 


I24TD  a  283 *F 

R  -  0.86  S  =  0.79  FT  -  0.6 
At-  170*F 

Duct  Side 

Ga  -  422  lh/(fts)(hr) 

Re*  -  382 

-  6.9  (ref.  1) 
fcf  -  2.9  BTU/(hr)(ft2)(*F) 
h*  -  2.9  BTU/(hr)(ft2)(*F) 

(ra-rbKRiAt^h)0*5  -  0*135 
JL  t*  1  (ref.  3) 
h^  -  9.6  BIU/(hr)(«2)(*y) 

U^i  -  3.7  BW/(hr)(ft2}(T) 


Tube  Side 

-  4,400  lb/(ft2)(hr) 

R«t  "  3,420 

Jhi*  14 

^  -  5.95  BXU/(hr)(ft2)(*F) 
h'  -  5.85  BTU/(hr)(ft2)(*F) 

Z -  3JL.9  BI0/(hr)(ft2)(*F/ft)3 
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AiT  -  50  ft2 
iijj  ^  12  banks 

Since  HE  1  has  16  banks,  the  existing  surface  will 
allow  the  preheating  of  air  to  a  hi$ier  temperature  than  the  1,U2*F 
checked  here,  and  the  design  is  adequate. 

d.  Heat  Exchanger  Ho.  2  (HE  2) 

HE  2  makes  use  of  fuel  being  pumped  to  the  engines  as 
a  coolant  for  removal  of  sensible  heat  from  the  BG  leaving  HE  1,  and  for 
removal  of  the  heat  of  condensation  released  by  part  of  the  water  and  fuel 
present  in  the  BG  stream. 

Cross-section:  2  ft  wide  x  1  ft  higi 


TUbing:  0Dt  «  0.5"  vail  =  0.02" 

n>t  -  0.46" 

Fins:  bf  -  0.125"  thf  -  0.035" 

■  8  per  inch 

GDf  -  0.75*  re  -  0.375" 

rb  -  0.25" 

Arrangement:  square  pitch,  =  16 

%  «  ^  «  v8  -  0.75" 

!•  Heat  Transfer 

Q  ■  260,000  BTU/hr 
WBC,  Avg  -  700  ii/hr 
“fuel,  coolant  •  5.710  U>/to 
BG  enters  at  1,234*F  and  leaves  at  85*F 
Fuel  coolant  enters  at  60*F  and  leaves  at  150*F 
Mean  temperature 


Hot  Fluid 

Cold  Fluid 

Difference 

1,234*F 

Higber  temperature 

150*F 

1,084 *F 

85  *F 

Lower  temperature 

60*f 

25  *F 

1,149°F 

Difference 

90*F 

1#Q59*F 
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JMT D  -  281*7 

B  ■  12.8  S  a  0.00  Bj  ■  0.978  (extrapolation,  ref.  9 ) 
At»  275*7 
Caloric  Tcarperaturca 

Atg/A  th  -  0.023 
Kg  «  0.075  for  JP-4  (rtf.  6) 

7C  ■  0.2U  (rtf.  6 ) 

That! 

Tc  -  85  +  0.24  x  1,149  -  361*7 

tc  •  60  +  0.24  x  90  -  82 *F 

Data  for  BO  at  361*7  at  28.7  ptia 

The  data  art  aa  average  of  aoiit  BO  containing  fuel  vapor  and 
saturated  BG. 

yMavg  “  °*°57  lV(ft)(hr) 

Cp  aTg  -  0.257  BTO/(3Jb)(*7) 

S  0.0204  BW/(hr)(ft2)(*F/ft ) 


0-1 

VM  -  306.8  ft3/lb-mole 

V?-V  -  2.4  ft 3/lb 

V  ■  121.4  cffc 
avg 

P  -  0.096  lb/ft3  S  S  0.00154 

r  aT8 

Data  for  liquid  fuel  (coolant)  at  82*7 
/4  -  4  lh/(ft)(hr) 

Cp  •  0.664  BIU/(lb)(*F) 
k  -  0.0721  BIU/(hr)(ft2)(*F/ft) 


357 


3.33 


<59* 

f)  »  1.07 
f  -  47.13  lb/ft3 
S  -  0.7553 

Heat  transfer:  duct  side  (BG) 

Af  «  0.33  ft2/ft 
Ao  «  0.094  ft 2/ ft 
Pp  -  5.44  ft/ft 
des  -  0.049  ft 
as  *  0.48  ft® 

Gs  *  1,460  lb/(ft2)(hr) 

Res  -  1,260 
Jf  »  16  (ref  1) 
hf  -  6  BTU/(hr)(ft2)(*F) 
h;  -  $.54  BTU/(hr)(ft2)(»F) 

Heat  transfer:  tube  aide,  fuel  coolant 

dt  «  O.O383  ft 

a 4.  -  0.001154  ft2 

At^)  »  16  ■  O.OI85  ft2/bank 

Gt  -  309,000  lb/(ft2)(hr) 

\r  •  1.82  ft /sec 

Ret  -  2,960 

Jhi  *  10  (ref.  2) 

h±  »  67  BTU/(hr)(ft2)(*F) 

-  500  BTU/(hr)(ft2)(*F) 

H  »  59  BTU/(hr)(ft2)rF) 
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kt  -  10.4  BW/(hr)(ft2)Cl/ft) 
rjrb  -  1*5 
Yb  -  O.OG146  ft 


-TL-0.98  (ref.  3) 

•i  -  0.12  ft2/ft 

»]£»jx2»  3.85  ft®/bank 

hn  -  gQJ.  BTU/(hr)(ftg)r?) 

UM  -  15.2  BTU/(hr)(ft2)(*F) 

Overall  design  coefficient  -  15.2  BTU/(hr)(ft2)(*P) 

AH  -  62.2  ft2 

-  16.2  banks 

Msnber  of  banks  ■  17 

2.  Pressure  Drop  on  IXict  Side  (BO) 

The  losses  are  caused  by: 

condensation  (loss  of  volume) 
cooling  coils 

flow  through  the  "orifice” 

(a)  Pressure  loss  due  to  condensation  of 
fuel  vapor  and  part  of  vater  vapor 

P  -  26.7  ptia 

total  of  gases  entering  ■  0.4007  lb-soles/min 
fuel  vapor  condensed  ■  0.00179  Ib-moles/nln 


359 


water  vapor  condensed  •  0.439  •  18  »  0.0244  lb-@ole#/oin 

total  condensed  «  0.0262  Ib-trtoles/nin 

a  u  -  0.0262  x  28.7  _  .  «.  -  , 

“  “condensation  — o.4"o07 - L  1.84  psi 

(b)  Pressure  loss  due  to  friction  with  cooling  coils 


Vfjp  -  0,066  ft3 
Sy  -  13.49  ft2 
d’v  -  0.0196  ft 


f  -  0.0034  (ref.  1) 

1^  -  I.O63  ft 

Ap  -  0.003  pel 

(c)  The  pressure  loss  due  to  the  orifice  is  not 
calculated  because  calculations  given  above  show  that  it  is  negligible. 

(&)  Total  pressure  loss  for  BO 

APy-  1.84  +  0.003 


Consequently,  BG  reaches  the  drier  with 


3.  Pressure  Drop  on  Tube  Side  (Coolant) 
f  -  0.00039  (ref.  4} 

A  *bank  ■  °*oW  Psi/2  ft  bank 
a  return  bend  is  equivalent  to  2.8  ft  of  tubing 
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^rbend  ■  2.8  x  0.5  x  0.046  -  0.0646  pel 
Apt,  total  “  17  Jt  0,046  ♦  18  x  0.0646 

APtubing  *  1*95  P«1 
k.  Waipfrt 

Cooling  tubing  (11.22  lb/bank),  316-23  191  lb 

Duct;  Hastelloy  C  61 

Total  252  lb 

5*  Check  of  BE  2  for  Other  Condition* 

Other  condition*  under  which  the  deaign  of  HE  2 
should  be  checked  Include  the  following t 

(a)  the  *aae  condition*  a*  those  checked  in 

HE  1  in  order  to  establish  whether  the  coolant  fuel  flow  near  Idle  conditio 
1*  sufficient;  or  if  recirculation  of  the  fuel  between  the  tank  and  HE  2 
might  be  necessary.  T  .1  addition,  the  heat  transfer  surface  should  be  teste 

(b)  The  initial  climb  situation,  during  which 
the  coolant  fuel  temperature  is  95*P» 

These  checks  were  not  made  as  a  part  of  the  present  study, 
a.  Drier 

The  cross-section,  dictated  by  the  L/D  criteria  for  H-Zeolcn, 

is  1  x  1  ft. 

Q  -  25,000  BTU/hr 

Wg^  Ayg  -  11.166  lb /min  -  670  lb/hr 

V>,  eoolMt  ’  8-3  1  500  ttAr 

BG  enter*  at  85 *P,  leaves  at  100 *F 
Water  enters  at  40*7,  leaves  at  90*F 
Therefore:  Parallel  flow. 

Aluminum  tubing:  OD^  ■  0.375  inch  wall  *  0.016"  XD^  ■  0.343 
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I 


« 

id. 


inch 


Fins:  bj  ■  3/l6  inch 

thf  *  0.035" 

%  »  8  fins/inch 

QDf  -  0.75  inch 

re  -  0.375" 

rfe  -  0.1875  inch 

Arrangement:  square  pitch,  ■  16  tubes/'b&nX 
Sj  -  Sy  -  Va  -  0.75  inch 

1.  Heat  Transfer 


Hot  Fluid 

Cold  Fluid 

Difference 

100*F 

Higher  temperature 

90  *F 

10  *F 

85  *F 

Lower  temperature 

40*F 

45  *F 

15  *F 

Difference 

50  *F 

35  *F 

IKTD  -  23.3 

R  m  0.3  S  -  0.8  Fj  *  0.96  (assuming  cross-flow  correctic 

can  be  applied) 

At  -  22.3*F 
Tc  -  93*P  for  BO 
tc  ■  65 *F  for  cooling  water 
(a )  Bata 

For  BG  at  93*F  and  25  psia 

0.0185  cps  »  0.045  lb/ (ft) (hr) 

Cp  -  0.24  BTU/(lb)(,F) 
k  -  0.0155  HTU/(hr)(ft^)(*7/ffc) 


V3 


0.886 


0*1 

VM  -  242  ft3/lb-aole 

vBO,  in  "  242  *  °*3825  "  92*6  cftB 
VBG,  out  "  242  z  °»3663  ■  88.6  cite 
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VBG,  avg  "  90-6  cfft 
p  ayg  -  0.123  lb /ft 3 
For  cooling  water  at  65  *F 


sftTg  -  0.001975 


-  1.08  cps  -  2.614  lb/(ft)(hr) 
Aall  *  °*9  «P* 

"  • ( A’"14 ' 

-  62.3  lb/ft3  lb/ft3  S  -  1 
(b)  Heat  Exchange 


Af 

0.451  ft2/ft 

Ao 

0.0707  ft2/ft 

PP 

7.44  ft/ft 

des 

0.0446  ft 

*« 

0.36  ft2 

G. 

1,860  lb/ (ft2) (hr) 

R«a 

1,860 

if 

21.5  (Ref.  1) 

hf 

6.6  BTTJ/ (hr )(ft2)(  *F) 

h’ 

6.5  BTU/(hr)(fta)(*F) 

Heat  transfer:  tube  aide,  ..poling  water 
dt  »  0.0286  ft 
-  0.000642  ft2 
»  16  ■  0.0103  ft2, /bank 

Gt  -  48,700  2b/(ft2)(hr) 

Ret  -  533 
O*  ■  0.217  ft/sec 

hjj.  -  80  BTU/(hr)(ft2)(*F)  (Ref. 7) 
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factor  •  1.1 


-  factor  x  hu  -  88  BTO/(hr)(fts)(*F) 
h’  -  74,8  BTU/(hr)(ft2)(*F) 

Heat  transfer:  fin  efficiency,  design  coefficient!  area  and  number  of  banka 
for  aluminum  k^  •  116.7  BTU/{hr)(ft2)(*F/ft) 

re/rb  "  2 
Yb  -  0.00146  ft 

(re-rb)  (h^/ktYb)°*5  ~  0.1 

jTL  =1  (ref.  3  > 

at  «  0.0898  ft2/ft 

Ajyb  •»  16  ai  x  1  ■  1.44  ft2/barik 

h^  -  38  BTU/(hr)(ftg)(*F) 

UDi  "  hfi  X  hl/(hfi  +  hi)  "  25,8  BTO/(hr)(ft2)(*F) 

Overall  design  coefficient  »  25.2  BTU/(hr)(ft2)(*F) 

*i  "  2^2*  x  22.3  "  *^’5 
Mb  -  44.5/1.44  -  31 

Number  of  banks  *  31 

2.  Amounts  of  Drying  Agents 

Ihe  two  agents  selected  are  CaClg  for  high  capacity 
and  H-Zeolon  for  high  efficiency.  The  method  of  calculation  is  the  same 
as  for  the  SST. 

(a)  Calcium  Chloride  Section 
Conditions:  100 *F  exit  temperature,  t*  14.7  pala 
Efficiency  at  1900  hr*1  SV  -  equilibrium  J  0.95  »  1  ■»  Hg 
.*.  efficiency  »  1  am  1  1  atm  1  lp6  «  iooa  mm 

76q  na  I 
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Gas  Flow 


BO  flow  in  drier  bed  at  design  condition* 

».BO,  Ave  * 

Bed  Vclune  and  Weight 

for  1900  hr-1  SV: 


Volume  of  CaClz  -  90.6  ft3 

60  min 

hr 

min 

hr 

1900 

-  2.66  ft3 


Wei&t  of  C&Cla 

2.06  ft3  x  51  lb/ft3 


W  -  146  lb 


Concentration  of  Water  Entering  CaClg 

■■■* 

Hz  79  lb-moles 

COz  10.5  lb-moles 

Oz  5*25  lb -moles 


HzO  ■ 


10.5  lb -mole  8  I  0,291  Ib/mln 

™  I  0.291  +  0.439  condensed 

(allowing  for  removal  of  HzO  in  HE  2) 


HzO  cone. 


4.1 


x  100  •  k.2% 


■  42>500  ppm 

Concentration  of  Hater  Leaving  Cadz  *  1320  ppn 
Water  Removed  by  Cadiz 

i&|2SLgJ*3g£  x  100  -  97. St  removal 


Useful  Life  of  Cadiz  (no  regeneration) 

water  produced  in  average  flight  »  4.23  lb 


4.19  lb-aoles 
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removed  in  drier: 


j  . 

0.115  lb 

11.02 

f 

100  ft J 

removed  in  CaCl®: 

0.972  x  1.27  -  1.232  lb 
CaClfi  capacity  (at  80jJ  of  lit.  value) 

■  35  lb 

So.  of  flights  >  35  ?  1.232  ■  28.4 


(b)  Zeolite  Section 

Bases:  10  ppm  efficiency  at  following  conditions 
100 *F  and  r*  1  atm. 

L/D  >1 

linear  velocity  ^100  ft/min 
Horton's  E-Zeolon,  l/l6"  dia 
capacity  ■  0.030  Ib/lb  agent 


Velocity  in  duct 


Volume  of  Agent 

bulk  density  -  38.5  lb/ft3 
volume  -  28.2  f  38.5  -  0.733  ft3 

V  -  0.733  ft3 
Length  of  Bed  and  L/D 

L  -  0.733  r  1  ft2  -  0.733  ft 
equivalent  circle  diameter 

D  -  (4  i  tt  )°*5  •  1.13  ft 
L/D  -  0.733  r  1.13  «  O.65 
Adjust  to  L/D  y  1  (aay  L/D  »  1.1) 

Length  -  1.13  *  1.1  -  1.25  ft 
Volume  •  0.733  x  wh  -  1.25  ft3 

Weight  -  1.25  x  38.5  -  48.1  lb 

V  -  48.1  lb 

Hours  of  Useful  Life  (no  regeneration) 

50  x  48.1  j  28.2  -  85  hcnra 

(c)  Suss&ary  of  Drying  Agents 


Agent 

CaCl2 

Zeolite 

Combined 

volume,  ft3 

2.86 

1.25 

4.11 

weight,  lb 

146 

48.1 

194 

length,  ft 

2.86 

1.25 

4.11 

hours  (no  regen. ) 

73 

85 

73 

Thus,  the  space  velocity  criterion  for  CaCla  dictates  a 
volume  of  agent  sufficient  to  provide  73  hours  of  protection  between 
regenerations,  and  the  L/D  criterion  for  zeolite  dictates  a  somewhat 
longer  period  of  protection. 


3*  Volume  and  Length  of  the  Drier 

(a)  Volume  occupied  by  one  bank  of  tubing 
Volt/b  *  39  inch3/b&nk  -  0.0226  ft3 /bank 

Total  volume  occupied  by  31  banks  ■  0.71  ft3 

Since  97%  of  water  is  removed  by  CaCl2,  the  same 
percentage  of  heat  has  to  be  removed  in  the  CaCl2  section  of  the  drier. 
Therefore,  29  banks  of  cooling  tubing  are  located  in  that  section.  The 
remaining  2  banks  are  in  the  zeolite  section. 

(b)  CaCl2  Section 

29  banks  of  tubes  occupy  0.66  ft3 
Section  volume  »  2.66  +  0.66  *  3*52  ft3 
Length  of  section  *  3.52  ft 

Distance  between  banks  fl?  0.12  ft  £  to  ^  C  ■  1.45  inch  to  £ 

(c)  Zeolite  Section 

2  banks  of  tubing  occupy  0.05  ft3 
Section  volume  «  1.25  +  0.05  *  1.3  ft3 
Section  length  »  1.3  ft 
Distance  between  banks  *  0.65  ft  ^  to  ^ 

(d)  Total  Length  of  Drier 

3.52  +  1.3  *  4.82  ft  is  the  length  of  drier  occupied  by  the 
desiccants  and  tubing.  Part  of  the  upstream  converging  cone  may  be  occupied 
by  the  CaCl2  and  the  dust  filters  may  be  located  in  downstream  cone.  Thus, 
the  total  length  of  drier  will  be  approximately  5*5  ft. 

4.  Pressure  losses 

(a)  Pressure  loss  inside  tubing 

f  -  0.00096 

Apt  -  0.0015  psi/per  1  ft  bank 
A  return  bend  is  equivalent  to  2  ft  tubing 
A  Pbend  *  °«0°3  psi/bend 

Apt,  total  "  31  *  0«°015  +  32  x  0.003  «  0.15  psi 


(b)  Pressure  lota  in  tha.  duct  aid* 

It  cocpriMB  the  following  loaaea: 

•  Preaaure  loaa  due  to  gradual  contraction  (up at re  an) 
e  Pressure  loaa  due  to  friction  in  packed  bed 

e  Pressure  loaa  due  to  friction  with  cooling  tubing 

•  Pressure  loss  equivalent  to  volume  of  water  removed 

•  Pressure  loaa  due  to  gradual  contraction  (downstream) 
Contraction  loss,  upstream: 

A  Pi  -  0.02  x  12.2  -  0.2$  psl 
Packed  bed  friction  loss: 


l/l6"  particles  fall  within  the  8  to  14  mesh  alxe 

«  Moo  ' 


i  0.264 

**  "  o!oi+$ 


(f/Ff)  -  0.0435  (ref.  B) 


a  0.043$  x  6702  x  4 .82 

ap2  *  4,880  x  0.123  x  lUli 

Cooling  coils  friction  loss: 

Vjjp  -  0.04  ft3 
Sj.  -  8.35  ft2 
D*  -  0.00.92  ft 


1.09  pal 


f  »  0.0034  (ref.  1) 

r  .  x  31  »  1.94  ft 

*  12 

A  P3  *  0.01  psl 
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Loss  equivalent  to  volume  of  water  removed: 

Assuming  all  water  is  removed  half  way  through  the  bed, 
the  total  gas  pressure  at  this  point  is 

P  -  26.9  -  (  Apx  ♦  0.5  AP2  +  Ap3)  =  26.1  psia 

total  gases  entering  drier  =  0.3025  lb-moles/rain 

water  removed  *  0.01610  lb-moles/oin 

A  Ph  »  x  26.1  -  1.10  psi 

4  0.3025  - fcL— 

Contraction  loss,  downstream: 

P  -  12.2  -  (A  P1  +  AP2  +  AP3  ♦  APn)  -  9.75  p*ig 

APj  «  0.02  x  9.75  -  0.2  psi 

Total  pressure  loss  in  the  duct: 

The  pressure  losses  due  to  the  3  screens  and  due  to  the  dust  filter 
are  so  small  that  they  are  neglected.  Thus 

A  Pr  *  lA?!  »  0.25  ♦  1.09  +  0.01  ♦  1.10  +  0.2  -  2.65  psi 

Pressure  loss  in  drier  -  2.65  psi 


Consequently,  the  BO  leaves  the  drier  at  9.55  psig  *  2b. 25  P»i». 

The  above  pressure  of  2b. 25  psia  is  almost  double  the  pressure 
assumed  for  the  fuel  tank,  which  is  12.62  psia.  However,  we  assumed  in 
our  calculations  that  all  the  components  are  in  the  same  duet  with  very 
little  loss  due  to  enlargements  and  contractions,  while  in  the  actual 
design  they  might  he  separated  by  pipes  and  he  subject  to  such  losses. 

Also,  as  mentioned  under  Cass  Analysis  I,  pressure  losses  caused  by 
control  valves,  instruments,  and  other  item*  are  not  included.  There  is 
always  the  possibility  that,  when  the  design  is  optimised,  a  different 
pipe  size  will  be  used  for  the  coils  in  HE  1,  and  the  inlet  pressure 
regulator  may  be  set  at  a  lower  pressure  than  the  bo  psia  assumed.  Therefore, 
seme  of  the  excess  of  pressure  is  regard'  1  as  a  degree  of  freedom  to  be 
used  as  a  parameter  in  system  design. 

5.  Weight 
(» )  Drier 

The  drier  is  made  of  aluminum,  except  for  the 
screens.  Duct  walls  are  assumed  to  be  1/8  inch  thick  and  the  volume  of  the 
material  is  396  inch3,  thus  the  weight  of  the  walls  is 

396  x  0.099  »  39.2  lb 
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To  summarize 


Weight  of  outer  walla  39,2  lb 

Weight  of  cooling  tubing  (2.15  lb  /bank)  66.7 
Weight  of  screens  (3)  5.1 

Weight  of  desiccants  19U 

Total  305  lb 

(b)  ftjst  Filter 

This  is  a  glass  fiber  mat  filter  locetec  in  the  down¬ 
stream  end  of  the  drier.  It  removes  dust  from  the  BC.  Its  weight  is 
negligible . 

(c)  Water  Tank 

The  amount  of  water  per  flisfrt  is  calculated  to  be  5*  lbs 
or  less  than  1  ft3.  A  small  heater ,  to  prevent  the  freezing  of  water  is 
included,  as  well  as  a  variable  speed  pump  to  deliver  the  water  to  the  drier 
and  to  the  combustor. 


Weight  of  tank  6  lb 

Weight  of  heater  1 

Weight  of  water  52 

Weight  of  pump  11 


Total  70  lb 
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APPENDIX  I 


CALCULATIONS  FOR  C-l4l  AIRCRAFT 


I.  Calculation  of  Average  Temperature  of  Bleed  Air 

The  average  temperature  of  the  bleed  air  for  the  enti~e  flight  is 
calculated  as  follows: 

The  bleed  air  temperatures  for  the  various  operations  at  different 
altitudes  (Table  XVII)  are  multiplied  by  the  duration  of  the  operation. 
The  sum  is  then  divided  by  the  duration  of  the  entire  flight  yielding  the 
average  temperature  of  engine  ble«'d  air. 

3  x  750  »  2,250 

20  x  660  =  13, 200 

7  x  530  =  3,710 

363  x  500  =  181,500 

4  x  270  =  1,080 

4  x  230  =  920 

2  x  280  =»  560 

203,220 


203,220 

4  03 


504. 3#f 


Average  Temperature  =  500 “F 


II.  Calculation  of  Bleed  Air  Pressure  During  Design  Portion  of  Descent 

The  data  for  engine  bleed  air  pressure  during  the  descent  (Table  XVII ) 
are  plotted  .vs  altitude  in  Figure  1-1.  Then  a  graphical  integration, 
between  4,000  and  10,000  ft  altitude  is  performed,  and  the  design  pressure 
of  bleed  air  is  obtained. 

Altitude,  ft  Pressure,  psia 

32.5 
33.45 
34.4 


209.55 

=  34,93  psia 

Design  pressure  of  air  *  34.9  psia 


9.500 

8.500 

7.500 

6.500 

5.500 

4.500 


AMBIENT  STATIC  PRESSURE,  psi 


ENGINE  BLEED  AIR,  ptlo 


III. 


Calculation  of  Heat  and  Mass  Balance  for  Design  Conditions 

a.  General 

The  bases,  data,  and  assumptions  are  indicated  in  Section  V-8-h. 
The  method  of  calculation  is  detailed  in  Appendix  E.  Following  are  listed 
the  results  of  these  calculations. 

b.  Results 

1.  Qiantities  of  Reactants  and  Products 


Molar  volume  of  gases  in  FT  (at  45®F  and 
11.93  psia) 

454  ft3/lb-mole 

Air  Requirement  (volume) 

(moles) 

(weight) 

552  cfm 

1.216  lb-moles/min 

35.13  lb/min  *  2,108  lb/hr 

Water  formed  (WF) 

2.3  lb/min  ®  138  lb/hr 

Water  condensed  in  HE  2 

I.38  lb/min  =  83  Ib/hr 

Water  removed  in  gas  drier  (WRGD) 

0.92  lb/min  ■  55  lb/hr 

Reaction  fuel  required 

2.62  lb/min  »  157  lb/hr 

Unreacted  fuel  (UF) 

0.83  lb/min  «=  50  lb/hr 

Unreacted  fuel  condensed  in  HE  2 

0.79  lb/min  »  U7.5  lb/hr 

Uncondensable  unreacted  fuel  (UUF) 

0.04  lb/min  »  2.5  lb/hr 

Air-fuel  mixture  ■  Moist  BG  (MBG) 

37.75  lb/min  »  2,265  lb/hr 

Dry  BG  (DBG  *»  MBG  -  WF-UF  ) 

34.62  lb/min  =  2,077  lb/hr 

Ballast  gas  (BG  «  DBG  +  UUF)  to  FT 

34.66  lb/min  »  2,080  lb/hr 

Saturated  BG  (SBG  =  BG  +  WRGD) 

35.58  lb/min  =  2,135  lb/hr 

Cooling  water  required 

24.5  lb/min  ■  1,470  lb/hr 

Fuel  as  coolant  required 

60  lb/min  «  3,600  lb/hr 

2.  Molar  Quantities 

(a)  Air-Fuel  Mixture 
Air  ■  1,216  lb-mole s/min 

»  0.255  " 

»  0.960  " 


Oxygen 

Nitrogen 
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Fuel 


■  0.0187  lb -moles /min 
Air-Fuel  Mixture  =  1.23^  lb-moles/min 
(b)  Moist  Ballast  Gas 


Nitrogen 

“ 

0.960  lb-moles/min 

Carbon  dioxide 

a 

0.128 

it 

Oxygen 

■ 

0.06U 

it 

Dry  ballast  gas 

= 

1.152 

it 

Water 

c 

0.128 

M 

IJnreacted  fuel 

& 

0.00595 

If 

Moist  ballast  gas 

= 

1.285 

19 

(c)  Ballast 

Gas 

Dry  ballast  gas 

a 

1.152  lb-moles/min 

Uncondensable 
unreacted  fuel 

= 

0.00030 

t» 

Ballast  gas 

m 

1.152 

ft 

(d)  Saturated  Ballast  Gas 

Moist  ballast  gas  ■  1.285  lb-moles/min 

Condensed  water  ■  O.O768  " 

Condensed  unreacted 

fuel  =  0.00565 

Saturated  ballast 

gas  *  1.203  " 

Water  removed  in  drier  ■  0.0509  lb-moles/rain 
3.  Heat  Loads 

(a)  Air-fuel  mixture 
Heat  content 


Temperature 


10,080  BTU/min 
971*F  —  522 #C 


(b)  Combustor  (water  cooled) 

Heat  of  reaction  33/100  BTU/min 


Heat  removed  by  coolant  26,800  BTU/min  *»  1,608,000  BTU/hr 

Heat  content  in  MBG  16,300  BTU/min 

(c)  HE  1  (Air  Cooled) 

Heat  transferred  to  air  7/860  BTU/min  »  472,000  BTU/hr 

Actual  heat  transferred 

to  fuel  44  BTU/min 

Heat  content  in  MBG  8,440  BTU/min 

Temperature  of  MBG 

leaving  HE  1  6ll°F 

Design  heat  transferred  to  fuel  160  BTU/min  =  9/600  BTU/hr 

(d)  HE  2  (Fuel  Cooled) 

Heat  removed  by  coolant  6,900  BTU/min  ■  4l4,000  BTU/hr 

Heat  content  of  SBG  1,446  BTU/min 

Temperature  of  SBG 

leaving  HE  2  35  °F 

Temperature  of  coolant 
(fuel)  leaving  HE  2  275  *F 

(e)  Gas  Drier  (Water  Cooled) 

Net  heat  of  absorption  412  BTU/min 

Heat  removed  by  coolant  1,293  BTU/min  »  77/600  BTU/hr 

Heat  content  of  BG 

leaving  drier  565  BTU/min 

Temperature  of  BG  100#F 


IV.  Design  Calculations,  Equipment  for  C-l4l 
a.  Air  and  Fuel  Feed 

1.  Main  Air  Pipe  (from  HE  1  to  VC  Outlet) 
wair  "  35.13  lb/min  -  2,108  lb/hr 

t  -  1,112°F 
P  »  31.0  psia 
Vai r  “  66l  cfsn 

Pipe:  316-SS,  OD  s  3.5  in  ID  -  3.37  in 
Gt  -  34,000  lb/(ft2)(hr)  Ret  «  101,000 
f  -  0.000175^  Ap  *  1.62  psi/100  ft  pipe 
length  ■  7  ft  equivalent  length  *  49  ft 
A  P  =■  1.62  x  49/100  =  0.8  psi 
Pair  reaching  annulus  of  outlet  pipe  connecting 
vaporization  chamber  and  ccmbustor  ■  30.2  psla 
and  Pair  reaching  VC  inlet  pipe  *»  30.6  psia. 
Wpipe«  7  x  (2.43  lb/ft)  -  17  lb 

2.  Vaporization  Chamber  Inlet  Pipe 

Air  for  atomization  ®  3  scfm  =0  14.5  lb/hr 
Pipe:  316-SS,  OD  =  1  in  ID  -  0.95  in 
Gt  -  2,950  lb/ (ft2) (hr)  Ret  =  2,470 

f  *  O.OOOU^1)  A  P  ■  0.1  psi/100  ft  pipe 
length  «  8  ft  equivalent  length  =•  14  ft 
A  P  -  0.1  x  14/100  »  0,01  psi 
Pair  reaching  nozzle  *  30.5  psia 
Wpipe  »  8  x  (0.27  lb/ft)  -  2.1  lb 


3.  Reaction  Fuel  Pipe 

WF  =  2.62  lb /min  =  157  lb/hr 
t  =  300°F 

Vp  =  0.1*75  gpm  =  28.5  gph 
Pipe:  316-SS,  OD  =  0.5  in  ID  =  0.1*9  in 
Gt  =  120,000  lb/(ft2)(hr)  Ret  *  5,450 
f  =  O.OOO33W  A  P  =  0.34  psi/100  ft  pipe 
length  =  12  ft  equivalent  length  =  15  ft 
A  P  =  0.05  psl  Wpipe  a  12  x  (0.027  lb /ft)  ■  0.3  lb 
l*.  Vaporization  Chamber  (VC) 

(a)  Nozzle  * 

Fuel  delivery  =  0.475  gpm  =  28.5  gph 

Nozzle  set-up  No.  42  (Spraying  Systems  Co., 
Bellwood,  Illinois)  is  selected 

Weight  nozzle  =  0.5  lb 

Spray  angle  *  20° 

Minimum  cone  length  =  39  inch 

(b)  VC  Dimensions  and  Weight 

Referring  to  diagram  in  Appendix  H,  we  find  by 
trigonometrical  relationship: 

Y  ■  41.8  in  R  =  7.38  in 

Z  -  27.5  in  X  =•  25  in 

LyC  =  64  in  =  5.33  ft 

mvc  =  14  ^  -ln- 

For  Hastelloy  C:  wall  thickness  =  0.1  inch 
ODyc  =  14.96  in  WyC  *  46  lb 
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( c )  Pressure  Drop  in  VC 

The  total  pressure  drop  in  the  nozzle  and  vaporization 
chamber  is  estimated  at  20$  of  the  gage  pressure  of  the  air  reaching  the 
nozzle.  Thus 

AP  =  0.2  x  15.8  =  3.16  psi  3.2  psi 
and  the  fuel-rich  mixture  leaves  VC  at  27.3  psla. 

5.  Heat  for  Vaporization  Chamber 

During  startup,  air  is  available  at  250°F  and  fuel  at  9J°F.  The 
amount  of  heat  to  supply  via  electric  heaters  to  insure  total  vaporization 
of  the  fuel  is 

Q  »  14.7  (246.7-52.2)  +  5.7  (6 88.2-12.8)  =  6,670  BTU/hr 

The  required  heater  capacity  is  2  KW,  however,  occasionally  a  larger 
heater  may  be  necessary.  Hence,  a  4  KW  heater  is  assumed,  and  its  weight 
is  estimated  at  7  lb . 

6.  VC  Outlet  Pipe 

This  double  pipe  is  designed  in  such  a  way  that  both  fluids  (fuel- 
rich  mixture  from  VC  in  the  inner  pipe  and  the  bulk  of  air  in  the  annulus) 
arrive  at  the  combustor  with  the  same  pressure.  The  pipe  for  Case  III  is 
the  same  as  that  used  in  Case  I,  and  details  are  given  in  Figure  F-2  in 
Appendix  F. 

(a)  Inner  Pipe  for  Fuel-Rich  Mixture 
WF-A  mix  =  172  lb/hr 
Wx  “  1>012OF 
VF-A  mix  =  1<5,7  cfln 

C^A  mix  =  21'200  W(ft2)(hr)  Re  -  33.800 
f  «  0.0002^^  Ap  =  0.62  psi/100  ft 
Since  1/3  ft  will  be  used 

£P  -  0.62  x  0.33/100  *  0.002  psi  (negligible) 
and  the  fuel-rich  mixture  will  reach  the  comburtor  at 
27.3  psia. 
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(b)  Annular  (Space  for  Air 
Wair  “  2<093 

t  =  1,012’F  Vair  *  66U  cfa 

Ga  *  177,000  lb/(ft2)(hr)  Rea  »  30,400 

f  ®  0.00022^2)  AP  =  8.81  psl/ft 

The  air  reaches  the  annulus  at  30.2  psia  and  the  fuel- 
rich  mixture  reaches  the  combustor  at  27-3  psia.  Equalization  of  the 
pressure  requires  that  the  air  stream  lose  2.9  psi  on  passage  through  the 
annulus.  Consequently,  the  length  of  the  pipe  is 

2.9  i  8.8  ®  0.33  ft 

(c)  Wei  git  of  the  VC  Outlet  Pipe 

The  weight  of  the  double  pipe  (including  fins  and 
heating  elements)  is  4.65  lb/ft.  Thus 

wpipe  °  0,33  x  4.65  “  1.6  lb 


7.  Total  Weight  of  Air  and  Fuel  Feed 


Air  pipe  (main)  17  lb 

Air  pipe  (VC  inlet)  2.1 

FUel  pipe  0.3 

Spray  nozzle  0.5 

Vaporization  chamber 
(Hastelloy  C)  46 

Heater  7 

(Xitlet  piping  1.6 


Added  for  fittings 


b.  Combustor 


Total  75  lb 


The  segmented  reactor  is  chosen  for  Case  III. 

1.  Catalyst  and  Combustor  Cross-Section 

As  previously  calculated,  the  amount  of  catalyst  for  75^ 
conversion  at  the  design  conditions  is  8.5  lb  or  0.21  ft3. 
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Considerations  regarding  catalyst  and  cooling  tvbing  yield 
a  rectangular  duct  12.5  inch  (1.0^2  ft)  hicji  and  '’O  inch  (2.5  ft)  vide, 
with  three  catalyst  layers  of  l/k ,  3/8,  and  l/2  in.  thickness.  The  volume 
of  catalyst  is  distributed  as  follows: 

Layer  Thickness,  In.  Volume  of  Catalyst,  ft8 

1  0.25  0.0542 

2  0.375  0.081U 

3  0.5  0.1085 

Total  1.125  inch  0.2441  ft 3 

Thus,  the  weight  of  the  catalyst  used  i3 
0.2441  x  UO.6  *  9.9  lb 

This  is  about  17/6  in  excess  of  the  calculated  amount.  This  excess  is 
regarded  as  assurance  that  the  desired  conversion  will  be  achieved  when 
a  charge  of  catalyst  nears  the  end  of  its  service  life. 

Six  screens  are  required  to  keep  the  catalyst  ii  place. 
Assuming  a  0.041  inch  wire  diameter,  the  unit  weight  is  1.7  lb/ft2  and 
the  screens  weigh 


6  x  (1.04  x  2.5)  x  1.7  -  27.2  lb 

2.  Heating  Elements 

They  are  shielded  electric  resistance  wires,  3/16  inch 
diameter,  and  are  spaced  3/8  inch  to  £.  Thus,  there  are  33  elements, 
and  they  weigh  about  0.1  li/ft.  Consequently, 

33  x  2.5  x  O.l  -  8.3  lb 

3.  Data  for  Transfer  of  Combustion  Heat 
(a)  Loads 

The  same  reasoning  as  in  Appendix  H  is  used  here.  Also, 
only  those  data  that  differ  from  the  ones  used  there  are  listed  in  what 
follows. 

*A-F  mix  -  WM3G  "  U>/hr 

%*0  cool  “  1^70  lb/hr 
Qtotal  "  i'608*000  BTU/hr 

Preheat  -  1^000  BTU/hr 
Vapor iz .  “  1*426,000  BTU/hr 
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(b)  Properties 


HsO 

Preheating 

Section 

HgO 

Vaporization 

Section 

Temperature  gases  in,  *7 

1,337 

1,337 

Temperature  gases  out,  *F 

1,337 

1,337 

Temperature  coolant  in,  *F 

88 

2 12  (liquid) 

Temperature  coolant  out,  *F 

212  (liquid) 

212  (steam) 

rare,  *F 

1,190 

R 

0 

— 

S 

0.1 

— 

F<p  (assumed) 

1 

— 

Ait  mean,  *F 

1,190 

1,125 

Caloric  temperature  of  gases,  Tc,  *F 

1,337 

1,337 

Caloric  temperature  of  coolant, 
tc,  "F 

150 

212 

Gas 

MBG 

0.2  (A-F  Mix)  ♦ 
0.8  MBG 

Temperature,  *F 

1,337 

1,337 

Average  pressure,  psia 

26.2 

26.2 

Ja  *  viscosity,  lb/ (ft) (hr) 

0.094 

0.095 

Cp  ■  specific  heat,  BTU/(lh)(*F) 

0.282 

0.288 

k  ■  conductivity,  BTO/(hr)(ft2)(*F/ft) 

0.0412 

0.041 

(Cp  ^/k)V3 

0.862 

0.874 

0 

1 

1 

V*-  molar  volume  of  gas, 
ft3/lb-«ttole 

686 

686 

V-  v  *  specific  volume  of  fuel  vapor, 
fU/lb 

5.8 

5.8 
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V,  cfla 

f  *  density,  lb/ft3 

S  *  specific  gravity  with 
respect  to  water 

Data  on  coolant  in  Appendix  H 

(c)  Tubing  (316-SS) 


HaO 

Preheating 

Section 

882 

0.0428 


H*0 

Vaporization 

Section 

075 

0.04315 


0.000686 


0.0006915 


Tubing:  ODt  -  1  in  wall  -  0.025  in  IDt  -  0.95  In 
**  -  13.92  BTU/(br)(ft2)(*F/ft) 

Fins:  b^  ■  0.125  in  th^  ■  0,035  in  ■  8  fins/ inch  tubing 

re  -  0.625  in  rb  «  0.5  in  0Df  «  1.25  in 
Bank  arrangement:  square  pitch 


•  10  tubes/bank 
ST  ■  SL  -  Vfi  -  1.25  in 


Duct  Side 

Ar  -  0.589  ft2/ft 
A0  -  0.188  ft2/ft 
Pp  -  5.44  ft/ft 

des  -  0.091  ft 
a#  -  0.375  ft2 
Ga  -  6,040  lb/(ft2)(hr) 
hd  -  602  BTO/(hr)(ft2)Cp) 

Fin  Efficiency  and  Inside  Tube  Area 


Tube  Side 

at  ■  0.0049  ft2 
At/b  “  0.049  ft2/bank 

dgt  -  0.0792  ft 

Gt  “  30,000  lb/(ft2)(hr) 
hdi  -  500  BTU/(hr)(ft2)(  *F) 


re/rb  -  1.25  yb  -  0.00146  ft 

('e-^bJtkTTb)0*5  "  (u^Jj)0,5 


a±  -  0.249  ft2/ft 
A^t/b  “6.22  ft2/bank 
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Pressure 


V  »  0.113-*  ftJ 
%  -  19 M  ft2 
DgV  -  0.0233  ft 

CS  °'k  -  °-552 


/s  v0-6 

(ft)  -l 


U#  Heat  Exchange  Surface 


'■* 

Preheating 

Vaporization 

;  i 

Section 

Section 

■7 

Heat  Transfer  -  Duct  Side 

"4 

Res 

5,850 

5,790 

1  ; 

jf 

U9(3) 

U8.5^) 

-4  ! 

;■$  \  . 

hf,  BTU/(hr)(ft2)Cp) 

19.3 

19.1 

1 

; 

:M 

hp,  BTU/(hr)(ft2)(“F) 

18.7 

18.5 

■i-l  i 

Si  { 

Heat  Transfer  -  Tube  Side 

i  j  ■ 

Ret 

2,230 

7,200 

v'3l 

fyf[  .. 

Jhi 

800 

2800 

BTU/(hr)(ft2)(°F) 

71.5 

102 

|| 

h^,  BTU(hr)(ft2)(*F) 

62.5 

eii.7 

t, 

Heat  Transfer  -  Overall  U  and  Area 

i$$| 

^re-rb )  (KTyb)0‘5 

0.316 

0.311* 

1  ■ 

JX 

0.96(5) 

0.96^ 

if  ■ 

h^,  BTU/(hr)(ft2)(*F) 

56.7 

56.1 

m  ? ' 

%,  BTU/(hr)(ft2}(*F) 

29.7 

33.8 

I  1  i 

Aij,  ft2 

5.1 

37.5 

■MM  ; 


total 


Ait, 


-  42.6  ft2 


R  »  7  banks  of  cooling  tubes 


Itanber  oi  cooling  tubing  banks  *  7 


5.  Pressure  Drop 

(a )  Tube  Side 

G*  -  30,000  lb/(ft2)(hr)  Bet  »  7>200 

f  -  0.00031^^ 

APbank  *  0.106  psi/bnnk  2.5  ft  long 
A  return  bend  is  equivalent  to  6  ft  of  tube 

APbend  “  6  x  0.106/2.5  -  0  .25**  psi/retum  bond 
consequently 

APtotal  -  7  x  0.106  +  8  x  0.254  »  2.77  psi 
Pressure  loss  in  cooling  coils  ■  2.8  psi 

(b )  Duct  Side 

The  pressure  drop  in  the  BG  as  it  flows  through  the  combustor 
is  the  sum  of  five  individual  losses,  which  are  listed  below  (for  details 
see  Appendix  H ) : 

•  Pressure  loss  due  to  gradual  expansion: 

Gases  reach  combustor  with  27.3  psia  ■  12.6  psig 
P^  *  0.08  x  12.6  =  1.01  psi 

Air-fuel  mixture  reaches  heating  elements  with  26.3  psia 

•  Pressure  loss  through  layers  of  catalyst: 

VQ  -  5.6  ft/sec 

«  0.0000264  lb/(ft)(sec) 

Re  “  57.2  turbulent  flow 
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Bed  thickness  ■  £  layer  thickntsa  »  0.094  ft 
AP2  ■  0.18  psl 

•  Pressvire  loss  through  screens: 

p  »  0.000691  g/cc  JA  -  0.0393  cps 
Re  «  107  C  »  1.15^) 

AP3  “  0,00082  psi/screen 

^P3  =  6  x  0.C0C82  -  0.CO5  psl  (negligible) 

•  Pressure  loss  due  to  cooling  coils: 

Lp  »  (7  +  2)  1.25/12  »  0.9375  ft 
-  1,480 
f  -  0.00313(3) 

A  P4  -  0.07  psi 

•  Pressure  loss  in  "orifice": 

IT  *  38.9  ft/sec 

Py  *>  23.5  ft  (column  of  BG) 

0.007  psi 

Ax  «  12.5  x  30  =  375  inch2 

Ag  ■  8.5  x  26  =  221  inch2  (2  inch  high  barrier) 

VA1  *  °*59 


APs  18  0.002  psi  (negligible) 

•  Total  pressure  loss  in  combustor  duct 

A  ?t  ■  1.01  +  0.18  +  0.005  +  0.07+  0.002  »  1.267  psi 
A  pt  «  1.3  psi 

Thus  the  pressure  of  moist  BG  leaving  the  combustor  is  27.3-1.3  » 
26.0  psia. 

Pmbg  leaving  combustor  *  26.0  psia  I 
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6.  Fuel  Preheating  Pipe 

This  pipe  is  located  at  the  downstream  end  of  the  combustor. 
WF  -  157  lb/hr  Q  •  9,700  BTU/hr 

tfuel  in  "  200#F  tfuel  out  *  300*F 


Hot  Fluid,  °F 

Cold  Fluid 

Difference,  *F 

1,337 

Hi^ier  temperature 

300 

1,037 

1,337 

Lower  temperature 

200 

1,127 

0 

Difference 

100 

100 

I/fTD  *»  1,088#F  (no  correction  is  applied) 

Tc  -  1,337#F  tc  -  250'F 

Data  for  BG  at  1,337  are  given  above 
Data  for  fuel  at  250°F 

y  m  1‘21  lb/(ft)(hr) 

Cp,F  =  0.595  BTU/(lb)(*F) 

kp  -  0.0751  BTU/(hr ) ( ft2 ) ( °F/ft ) 

(CpA/k)1/3  -  2.125 
f>T  -  5.7  lb/gal  «=  42.6  lb/ft3 
Sp  -  0.683 
-  1.07 

Tubing 

0Dt  =  0.5  in  wall  -  0.020  in  IDt  ■  0.46  in 

Fins:  bf  »  0.125  in  thf  »  0.035  in  Nf  •  8  fins/inch 

rt,  ■  0.25  in  re  ■  0.375  in  ODf  »  0.75  in 


It  is  assumed  the  tube  makes  5  passes  across  the  combustor  duct 


Heat  Exchanger  Surface 


Duct  Side 
Af  *  0.327  ft 2/ft 
Aq  =  0.091*  ft2/ft 
Pp  -  5.kk  ft /ft 
d*s  •  O.Ok93  ft 
afi  »  2.366  f*-2 
Gs  «  960  lb/(ft2)(hr) 

Res  »  500 
Jf  a  8.k(3) 

hf  «  6.1  BTU/(hr)(ft2)(°F) 
h’  -  6.0  BTU/(hr)(ft2)(#F) 

re/r b  *  1*5 

,  .  fi. '*  0.5 

(re-rb)  (ktyb)  -  0.179 

-  0.98(5) 
a*  -  0.12  ft2/ft 

hfi  -  20.8  BTU/(hr)(ft2)(°F) 
Upi  -  lk. 9  BTU/(hr)(ft2)(°F) 

Ajj  «  0.6  ft2 


Tube  Side 
at  -  0.00115  ft2 

det  »  0.0383  ft 
G  »  136,000  lb/(ft2)(hr) 

V 

Ret  *  k,320 
4  -  15(I‘) 

hj  -  66.9  BTU/(hr)(ft2)(°F) 
h£  -  52.7  BTU/(hr)(ft2)(°F) 


Lt  -Lit 

This  will  give  five  1  ft  long  passes. 
Weigit  of  tubing  «  0.3k  x  5  »  1.7  lb 


7.  Weight 

All  equipment  items  are  made  of  316-SS,  except  when  specified 


otherwise. 

Catalyst  9-9  lh 

Screens  (6)  27.2 

Heating  elements  6.3 

Fuel  preheating  tubing  1.7 

Cooling  tubing  (7  x  18.3  lb/banX)  128.2 

Duct,  Wui  X  (Hastelloy  C)  127.7 

Total  303.0  lb 

c.  Heat  Exchanger  No.  1  (HE  1) 


HE  1  is  located  immediately  after  the  combustor,  from  which  it 
is  separated  by  the  "orifice".  Provisions  are  made  for  flaps  for  isolation 
of  the  combustor  from  the  rest  of  the  subsystem  during  start-up. 

1.  Data  for  Heat  Transfer 

(a)  Loads  and  Temperatures 

Q  ■  472,000  BTU/hr 

Wair  ■  2,108  lb/hr 

WMBG  *  2>&  Wkr 

Air  enters  at  250*F  and  leaves  at  1,112®F 
Moist  BG  enters  at  1,337°F  and  leaves  at  6ll*F. 


LMTD  -  288 ®F 

R  »  0.84  S  -  0.8  Ft  »  0.68(6) 

At  -  196 ®f 


I 

t 
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Temperature,  ®F 
Average  pressure,  psia 
JX  >  lb/(ft)(hr) 

Cp,  BTU/(lb)(°F) 

k,  BTU/(hr)(ft2)(“F/ft) 

(Cp>M/k)l/3 

0 

Vn,  ft3/lb-mole 

Vv,ft3/lb 

V,  cfa 

lb/ft3 

S 


Air  Moist  BG 

681  974 

32.8  25.0 

0.075  0.0832 

0.254  0.291 

0.0282  0.0345 

0.878  O.889 

1  1 

373  615 

4.8 

454  791 

0.0775  0.0477 

0.00124  0.000765 


(c)  Duct  and  Tubing 
Duct:  =  2  ft  bd  =  2.5  ft 

Tubing:  ODt  =  1  in  vail  *  0.035  in  ID^  *  0.93  in 

Fins:  bf  *  0.125  in  th^  =  0.035  in  Hf  *  8  fins/inch 

re  *  0.625  in  rt,  *  0.5  in  ODf  «*  1.25  in 
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Bank  arrangement :  square  pitch 


=  19  tubes  per  bank 
&T  =  1.263  in  =  0.105  ft 
SL  a  vs  =  1*?5  in  =  °'104  n 

2.  Heat  Exchange  Surface 


Duct  Side :  MBG 

Tube  Side :  Air 

Af  =  0.589  ft2/ft 

at  =  0.00472  ft2 

Aq  =  0.189  ft2/ft 

Pp  =  5.^^  ft/ft 

d^g  =  0.91  ft 

dgt  =  0.0775  ft 

as  -  0.765  ft2 

A^p  ■  O.C897  ft2/bank 

Gs  a  2,960  lb/(ft2)(hr) 

Gt  =  23,500  lb/(ft2)(hr) 

Rea  0  3j2*+0 

Ret  *  24,300 

3hf  '  32(3> 

jM  -  ei(t> 

hf  =  10.8  BTU/(hr)(ft2)(0F) 

hA  =  25.9  BTU/(hr)(ft2)( 

hds  »  602 

hdl  =  333 

h'  =  10.6  " 

h*  =  24 

f 

i 

Overall  design  coefficient,  area, 

and  number  of  banks 

reAb  =  1»25 

('.-a. I  °'5  -  o-21* 


SL  =  0.98(5) 

»  0.2UU  ft2/ft 
A±t/b  “  3J.*57  ft2/bank 
hfi  -  33-3  m/(hr)(fta)(°F) 
Upi  =  1U 


Overall  design  coefficient  ■  14  BTU/(hr)(ft2)(°F) 


AiT  ■  172  ft2 

Njj  -  1U.9 

Nur.iber  of  banks  »  15 


3.  Pressure  Drop 

(a)  Tube  Side:  Air 

f  »  o.ooceut1) 

Ap  *  0.026  psi/ft  of  bank 
A  Pban^  *  0.066  psi/bank 
A  return  bend  is  equivalent  to  5.5  ft  tubing. 
Append  *  5.5  x  0.026  =  0.145  psi/bend 
Consequently 

Aptotal  "  15  *  0.066  +  16  *  0.145  »  3.31  psi 
Pressure  loss  in  cooling  tubes  «  3.3  psi 


The  air  was  assumed  to  be  available  from  engines  at  *4.9  psia 
and  to  suffer  a  loss  of  0.6  psi  on  its  way  to  HE  1,  where  it  arrives  with 
34.3  psia.  Consequently,  air  will  leave  HE  1  at  34.3-3.3  *  31  psia,  and 
the  aver-ge  pressure  of  air  in  HE  1  is  32.65  psi  (very  close  to  the  32.9  psia 
assumed  in  calculation  of  properties  of  air). 


|APair  leaving  HE  1  »  31  psia 


(b)  Duct  Side:  MEG 


There  are  three  individual  losses  which  combined  yield 
the  overall  pressure  loss  suffered  by  the  moist  BG  in  HE  1: 


pressure  loss  due  to  enlargement,  Ap! 
pressure  loss  due  to  cooling  tubing.  A] 
pressure  loss  due  to.  contraction,  Ap3 


(i).  Pressure  Lost  Due  to  En^largcmaat 

(area  2?l  <n,.>,2i  ♦  a  f145®3  enlargement  from  the  "orifice" 

a  oressS/lS.  *  fhf  “L1  JUCt  (area  720  inch  >•  »  is  estimated  that 
f+hl  f  1  7s  equal  t0  of  sage  pressure  of  Incoming  gas  takes  place 

(the  same  us  in  the  case  of  gradual  enlargement  from  »  pipe  to  a  duct). 

PjL  *  0.08  (26.0-1U.7)  «  O.91 


(ii)  Pressure  Loss  Due  to  Banks  of  Cooling  Tubing 
Vjjp  -  0.221  ft 3 

%  »  36.9  ft2 
Dev  "  0,0?Ii  ft 
(Dev/ST)0*1*  -  0*553 
(Si/St)0*6  =  0.99^ 
fie  *  850 
f  -  0.003^(3) 

“  15  x  1.25/12  *  I.563  ft 
Apg  »  0.03  psl 

(iii)  Pressure  Loss  Due  to  Contraction 


f  . .  t2,  mere  is  a  sudden  contraction  from  the  duct 

-a72V-h  orifice  (8  x  26  -  208  inch2)  which  is  sized 

“  of  HE  2.  It  is  estimated  that  a  pressure  loss 

equal  to  2%  of  the  gage  pressure  of  MBG  arriving  to  HE  1  exit  takes  place 
'6ane  as  in  case  of  gradual  contraction  from  a  duct  to  a  pipe). 

Ap3  »  0.02  [26.0-lU.7-(o.Cvl  +  0.03)]  »  0.31  psl 

(iv)  Total  Pressure  Loss  in  the  Duct 


Apt  -  0.91  +  0.03  +  0.31  *  1.25  psl 


-  .  .  .  .  „  ^  average  pressure  of  moist  BC  in  the  duct,  for 

determination  of  properties,  is 


26.0  -  (0.91  +  0.5  x  0.03)  -  25.08  psia 
which  is  very  close  to  the  assumed  25  psia. 
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Kaa*  Temperature  Difference 
IWTD  »  112  *F 

R  »  2.5  SSO.Ii  Rt  ■  0.71^6^ 

At  -  79*F 

Caloric  Tender atures 

Atc/A  ^  0.06 

for  temperature  range  of  210 *F  and  53.6*API 

Kc  ■  0.132^7^  and  Fc  *  0.  29(7) 

Consequently 

Tc  -  238*F  for  BG 

tc  ■  126 #F  for  fuel  coolant 

(b)  Properties  at  Above  Temperatures 


Fuel  Coolant 

BG 

Temperature*  *F 

126 

238 

Pressure*  psia 

— 

23-5 

JX,  lb/(ft)(hr) 

2.49 

0.05 

Cp,  BTU/(lb)(°F) 

0.518 

0.254 

k,  BTU/(hr)(ft2)(°F/ft) 

0.0783 

0.0187 

(Cp^/k)V3 

2.55 

0.88 

0 

1.07 

1 

VM*  ft^/lb-mole 

— 

316 

vF.v*  ft3/lb 

— 

2.5 

W  cfta 

— 
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P  ,  lb/ft3 

1 

45.95 

0.0933 

S 

0.7366 

0.0015 

(c)  Duct  and  Tubing 
Duct:  hd  -  1  ft  bd  •  2.5  ft 

Tubing:  ODt  *  0.5  in  wall  *  0.020  in  ID^  »  0.46  in 

Fins:  bf  -  0.125  in  thf  -  0.035  in  %  -  8  fins/inch 

re  •  0.375  in  *»  0.25  in  0Df  »  0.75  in 

Bank  arrangement:  square  pitch 

»t/b  ■  16  tubes  per  bank 
ST  *  Sl  "  Ve  »  0.75  in  «  0.0625  ft 
2.  Heat  Exchange  Surface 


Duct  Side:  BO 
Af  -  0.327  ft2/ft 
Aj,  -  0.09^  ft2/ft 
Pp  -  5.44  ft/ft 
dgg  »  0.049  ft 
as  «  0.6  ft2 
0B  -  3,670  lb/(ft2)(hr) 

Res  «  3,620 
iht  -  34.5<3) 

hf  -  11.5  BTU/(hr)(ft2)(*F) 

bda  «  602 

h^  -  11.3 


Tube  Side:  Fuel  Coolant 
at  -  0.00115  ft2 

d,.t  -  0.0383  ft 
At/b  »  0.0185  ft2/bank 
-  195,000  lb/(ft2)(hr) 

Ret  »  3,000 

4i  "  7.6 

hj  -  42.3  BTU/(hr)(ft2)(°F) 
h^  -  500 
h l  -  39.0 


Overall  Design  Coefficient,  Area,  and  Humber  of  Banks 
re/r b  -  1.5  kt  -  9.1*  BTU/(hr)(ft2)CF/ft) 

(re-**b)  (er^)0*5  *  0.3 
-ft*  -  0.97^ 
a^t  “0.12  ft2/ft 
Ait/t  -4.82  ft2/bank 
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-  38.6  BTU/(hr)(ft2)CF) 

UDi  -  1 9.4  BTU/(hr)(ft^)(*F) 

Overall  design  coefficient  -  19.4  BTU/(hr)(ft2)(*F) 


AiT  -'270  ft2 
%  -  56 

Number  of  banks  -  56 


3.  Pressure' Drop 

(a)  Tube  Side:  Fuel  Coolant 

f  -  O.OOOi^1) 

A  Pfcank  "  O*02**  psi/bank  2.5  ft  long 
A  return  bend  is  equivalent  to  2.8  ft  tubing 
A*bend  «  0.024  x  (2.8/2.5)  *■  0.027  psi/bend 
Consequently 

» 

Ap^  ..  .  -  56  x  0.024  +  57  x  0.027  -  2.9  psi 
total  r  r — 

It  is  possible  that  a  fuel  booster  pump  will  be  necessary, 
so  that  the  fuel  will  arrive  at  the  engines  and  the  vaporization  chamber 
with  sufficient  pressure. 

(b)  Duct  Side:  BG 

The  losses  are  caused  by: 

•  enlargement,  Ap^ 

•  condensation  (loss  of  volume),  AP2 

•  cooling  coils,  AV 

•  flow  through  the  "orifice",  Apu 
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(i)  Pressure  Lose  Due  to  Englargemant 

The  enlargement  frcra  the  "orifice"  (area  *  203  inch2) 
to  the  duct  (area  ■  3 60  inch®)  is  relatively  snail.  It  is  estimated  that 
a  pressure  loss  equal  to  4£  of  the  gage  pressure  of  incoming  gas  takes  place. 

A?!  ■  (24.7-14.7)  *  0.04  “  0.4  psi 

(ii)  Pressure  Loss  Due  to  Condensation  of  Fuel  Vapor 
and  Part  of  Water  Vapor 

P  ■  24.7  -  0.4  ■  24.3  psia 

total  of  gases  entering  «*  1,28542  lb-ciolea/min 

fuel  vapor  condensed  »  O.OO565  " 

water  vapor  condensed  ■  0.07676  " 

total  condensed  ■  0.08241  " 

Ap2  -  x  24.3  -  1.56  psi 

(iii)  Pressure  los3  due  to  banks  of  cooling  tubing 
-  0.063  ft3 

%  .  16.86  ft2 

d'  -  0.0196  ft 

ev 

(D^Sr)0*4  ■  0-63 

(Sj/Sj)0*6  -  1 
Re  «  1,440 
f  ■  0.00315^ 

Ap  ■  0.06  psi 

(iv)  Pressure  Loss  Due  to  "Orifice" 

Hot  calculated  since  previous  cases  have  shown 

it  to  be  negligible. 

(v)  Total  Pressure  Loss  in  the  Duct 

A  *  o*4  1.56  +  0.06  -  2.02  psi 

.*.  PggQ  -  24.7  -  2.02  -  22.7  psia 
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PgBQ  leaving  HE  2  ■  22.7  psia 


4.  Weight 

Cooling  tubing  of  316-SS  (14.1  lb/bank) 

789  lb 

Duct  of  Hastelloy  C 

205 

Booster  pump  for  fuel  coolant 

26 

1,010  lb 

Redesign  of  HE  2 

In  the  preceding  conceptual  design,  it  was  assumed  that  only  the 
fuel  used  by  the  engines  (60  lb /min)  would  be  available  to  cool  the  BG 
in  HE  2,  and  this  fuel  was  allowed  to  reach  whatever  temperature  was  called 
for  to  absorb  the  heat.  (Figure  47  indicates  this  temperature  to  be  275*F.) 

A  more  favorable  temperature  difference  is  obtainable  if  it.  is 
assumed  that  the  fuel  is  recirculated  at  a  rate  sufficient  to  give  a  lower 
exit  temperature,  and  this  could  provide  a  substantial  reduction  in  transfer 
surface  and  weight.  Assuming  that  fuel  coolant  enters  at  65 *F  (h  *  15.8 
BTU/lb)  and  leaves  at  150°F  (h  »  58.8  BTU/lb),  the  amount  of  fuel  necessary 
to  perform  the  required  cooling  duty  is 

6  896 

wfUel,  cool.  *  50S5T8  "  3^:1  n 

-  9,620  lb/hr 

No  other  changes  are  introduced. 

1.  Design  of  HE  2 

The  duct  and  the  tubing,  as  well  as  their  arrangement,  remain 
the  same  as  in  Part  d.  Only  the  items  that  change  are  listed  in  what 
follows . 

(a)  Temperatures 
IMTD  -  l40.7*F 

B  -  6.2  S  «  0.16  Ft  -  0.85^ 

At  -  119 *F 
Atc/Ath  -  0.0434 
For  range  of  85 *F  and  53.6*  API 

Kg  -  0.078^)  and  Fc  -  0.273^ 


4oi 


thus 


Tc  ■  229*7  and  tc  »  88*F 

(b)  Properties 

For  BG,  the  properties  at  238*F  (see  above)  are  used, 
because  they  are  practically  the  sane  as  those  at  229*F. 

For  fuel  coolant,  the  properties  at  82  °F  (Appendix  H) 
are  used,  since  they  are  practically  the  same  as  those  at  88*F. 

(c)  Heat  Exchange  Surface 

Biere  is  no  change  in  calculations  for  the  duct  side. 
Tube  Side:  Gt  -  5214  lb/(ft2)(hr) 

Ret  -  5*000 

ihl  “  17(U) 

^  -  114  BTU/(hr)(ft2)(*F) 

h^  -  92.8 

Overall  design  coefficient,  area,  and  number  of  banks 
uDi  ■  ZLil  BTO/(hr)(ft2)(°F) 

AiT  -  127.6  ft2 
»b  -  26.5 

I  Number  of  banks  *  27 


(d) 


i 


Pressure  Drop 
(i)  Tube  Side 

f  ■  o.ooo^1) 

A  PViank  »  0.143  psi/banh 
A  Pbeni  “  0.16  psi/bend 
A  PT  ■  27  x  0.143  +  28  x  0.16  -  8.34  psi 
A  fuel  booster  pump  is  a  must. 
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(ii)  Duct  Side 


The  pressure  losses  due  to  enlargement,  conden¬ 
sation,  and  orifice  remain  unchanged.  Die  pressure  loss  due  to  cooling 
coils  is  now  about  one 'half  of  that  in  the  initial  design  of  HE  2  (Part  d 
above).  This  is  such  u  small  quantity,  that  the  pressure  of  BG  leaving 
HE  2  is  practically  the  same  as  before,  namely  22.7  psia. 

(e)  Weight 

Cooling  tubing  of  316-SS  (14.1  lb/bank)  300.4  lb 

Duct  of  Hastelloy  C  102.6 

Booster  pump  for  fuel  (coolant)  17 

Total  500  lb 

The  length  of  HE  2  is  now  22  inches. 


f.  Drier 

The  design  target  calls  for  delivery  of  dry  BG  with  a  maximum 
of  1,555  ppra  V/V  of  water  (equivalent  to  <0.001  lb  HzO/lb  dry  gas). 
Parallel  flow  of  fluids  is  again  used. 

1.  Data  for  Heat  Transfer 

(a)  Loads  and  Temperatures 

WSBG,  in  "  2>135  lb/hr 

Wdry  BG,  out  *  2,000 
WBG,  avg.  "  2'107 
wH£0,  coolant  "  l/^O  lb/hr 
Q  »  77,600  BTU/hr 

BG  enters  at  85 *F  and  leaves  at  100*F 
Cooling  water  enters  at  35 *F  and  leaves  at  88®F 


i  Hot  Fluid 

Cold  Fluid 

Difference 

f 

|  100*F 

Higher  temperature 

88  #F 

12  °F 

|  85 

Lower  temperature 

35 

50 

j  15 

i 

Difference 

53 

38 

Mean  temperature  difference 
IKTD  -  26.7*F 

R  —  0.3  Sat  0.8  FT  -  0.96^ 

At  ad.  25*? 

Caloric  temperatures 

Arithmetic  averages  are  sufficient 
for  BG:  Tc  »  93 *F 
for  water!  tc  »  62*? 

(b)  Properties  at  Above  Temperatures 

BO 

Temperature,  *F  93 


Pressure,  psia 
}X,  lb/(ft)(hr) 

Cp,  BTU/(lb)(*F) 
k,  BTU/(hr)(ft2)(*F/ft) 
(Cp^A)l/3 
* 

Vm»  ft3/lb-Boles 

Vavg>  cfl» 
p  ,  lb/ft 3 

S 

(c)  Duct  and  Tubing 


0.045 


0.0155 

0.886 


0.107 

0.0017 


Cooling  Water 


0.329 


Duct:  The  duct  cross-section,  dictated  by  the  superficial 

velocity  limits  for  CaCLa,  is:  h^  ■  2  ft,bd  »  2.5  ft. 

Tubing:  GDt  B  0.375  in  wall  *  0.016  in  IDt  =  0.343  in 

Fins:  bf  -  3/16  in  thj  -  0.035  in  Rj  -  8  fins/inch 

re  -  0.375  in  -  3/16  in  CD*  •  0.75  in 
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Bank  arrangement :  square  pitch 


**t/b  "  32  tubes/bank 
St  -  0.75  in  -  0.0625  ft 
Sj^  -  Va  -  1.47  in  -  0.123  ft 


2.  Heat  Exchange  Surface 

Duct  Side :  BG _ 

Aj  -  0.442  ft2/ft 

Aq  -  0.0707  ft2/ft 

Pp  -  7.44  ft/ft 

defl  -  0.044  ft 

as  ■  1.8  ft2 

0a  -  1,210  lb/(ft2)(hr) 

Re8  -  1,175 

•W  ■  «-5(3) 


Tube  Side  j  Cool 


Water 


at  -  0.000642  ft2 
-  0.0205  ft2 
dgt  -  0.0286  ft 
Ot  -  71,600  lb/(ft2)(hr) 

Ret-  -  740 

IT'  -  0.32  ft/sec 

hil  ”  10r^8*  BTU/(hr)(ft2)(°F) 

factor  ■  1.1^ 


bf  -  4.85  BTO/(hr)(ft2)CF)  h*  -  117.7  BTU/(hr)(ft2)CF) 


hda  -602 
hf  m  4.8 


hdi  -  500 
-  95 


Overall  design  coefficient,  area,  and  number  of  banks 
r«/rb  “  2 
•  yb  ■  0.00146  ft 

kt  ■  116.7  BTU/(hr)(ft2)(*P/ft)  for  aluminum 


v 

(re-fb)  (k^)0,5  -  0.083 
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jTL  »  0.93^5 ) 

*it  -  0.0899  ft2/ft 
A±t/b  *  ft2A»nk 

-  26.9  BTU/(hr)(ft2)(*F) 

UDi  “  21 

Overall  design  coefficient  ■  21  BTU/(hr)(ft2)(*F) 
AiT  -  147.8  ft2 

Nh  -  20.6 

I  Number  of  banks  ■  21 


3.  Amount  of  Drying  Agent 

Calcium  chloride  alone  is  sufficient  to  provide  a  ballast 
gas  with  less  than  1,555  ppm  V/V  of  water. 

(a)  Efficiency  of  CaClg 

Conditions:  100 *F  exit  temperature 

**  14.7  psia  exit  pressure 

Efficiency  at  SV  ■  1,900  hr"*  is  given  as 


Thus 


equilibrium  i  0.95  ■  1  mm  Hg 


Efficiency  ■ 


1  mm 


1  atm  1(£  ppra 

wart 


-  hi gP-P?3 


1,320  ppm  is  equivalent  to  0.00076  lb  HzO/lb  dry  BG  which  is  2U«6  less  than 
the  maximum  permitted  of  0.001  lb  HaO/lb  dry  BG. 

(b)  Volume  and  height  of  CaCla 

The  average  flow  of  BG  in  the  drier  bed  at  design  con¬ 
ditions  is 

VBG,  avg.  -  329  cfa 

4o6 


1 


The  volume  of  CaCla  required  for  £V  of  1900  hr"*-  is 


229  ftB 

60  min 

hr 

min 

hr 

1906 

The  weight  of  CaCls  is 

WCaCl*  “  10*U  *  51  “  530  lb 


Weight  of  CaCl*  -  530  lb 


(c)  Water  Removal  and  Useful  life  of  CaCla 

(i)  Concentration  of  Water  Entering  CaCla 


0,05088  lb -moles  HgO/min  .  0~, 

1. 20301  lb-moles  SBG/min  *  ^ 


<►  ^iOO^gn 


The  concentration  of  water  in  the  gas  leaving  the  CaClz  was  shown  above  to 
be  1,320  ppm. 

(ii)  Water  Removed  by  CaCls 


x  100  -  96. 9l 


l 


The  total  of  water  to  be  removed  in  the  drier  is  3.83  lb/flight,  thus  Cads 
will  remove 

3.83  x  0.969  «  3.72  lb/flipht 

and  3.83-3.72  -  0.11  lb  HzO/flight  will  be  left  in  BG.  This  gives 

0.11  lb  HaO  f  144.5  lb  dry  BO  -  0.00076  lb  HsO/lb  dry  BG 

Actually,  during  most  of  the  flight  the  concentration  of  water  in  BG  will 
be  below  this  value,  because  at  conditions  other  than  "design"  the  space 
velocity  is  less  than  1,900  hr”1,  consequently,  the  residence  time  is 
longer  and  the  removal  is  greater. 

(iii)  Useful  life  of  Cads 

The  capacity  of  Cad2  under  the  design  conditions 
is  0.3  lb  HsO/lb  CaClg.  At  80£  of  the  stated  capacity,  the  CaCla  is  capable 
of  retaining,  without  regeneration, 
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530  X  0.3  x  0.8  »  127  lb  HpO 


This,  in  turn,  is  equivalent  to  a  useful  life  (no  regeneration)  of 
127  7  3.72  -  3**  flights  (of  403  min) 

230  fllght-hrs 

Useful  life  CaCl2  «  230  hr 
(d)  Bed  Cross-Section 

One  of  the  conditions  for  proper  operation  of  a  CaClg 
drier  is  that  the  superficial  velocity  of  the  gas  be  in  the  50-100  ft/min 
range,  on  average  75  ft/min.  This  gives  a  cross-section  of 

329  t  75  -  4.4  ft2 

Consequently,  using  a  2  x  2.5  ft  duct,  the  superficial  velocity  is 

329  7  5  -  66  ft/min 

and  this  is  the  cross-section  chosen  for  the  drier  duct. 

4.  Volume  and  length  of  the  Drier 

(a)  Volume  Occupied  by  the  Tubing 

The  volume  occupied  by  one  bank  of  cooling  tubing  it 
195  inch^  «  0.113  ft 3.  Thus,  all  the  banks  occupy 

*  21  x  0.113  St  2.4  ft3 

(b)  Total  Volume  and  length  of  Drier  Bed 
The  total  volume  of  the  bed  is 

t 

10.4  +  2.4  -  12.8  ft3 
The  length  of  the  bed  is 

i  12.8  i  5  ■  2.56  ft 

i  — 

‘  Consequently,  the  spacing  of  cooling  banks  within  the  bed 

I  is  (2.56  ft  at  31  inch) 

|  31  7  21  -  1.47  inch  t  to  ^ 

i 
\ 

/ 

i 

\ 


5.  Pressure  Drop 

(a)  Tube  Side:  Cooling  Water 

f  -  o.ooo^1) 

Apbank  -  O.OO58  pci 

A  return  bend  is  equivalent  to  2  ft  tubing 
APbend  •  0.0058  x  (2.0/2.5)  -  0.001*7 
Consequently 

APtotal  *  21  x  0.0058  ♦  22  x  0,0047  -  0.226  psi 
^T-Vater  *  °-83  P«i  " 

(b)  Duct  Side:  BG 

There  are  the  following  losses: 

•  Pressure  loss  due  to  sudden  expansion,  Apx 

•  Pressure  loss  due  to  friction  in  packed  bed,  A  P2 

•  Pressure  loss  due  to  friction  with  cooling  tubing,  Ap3 

•  Pressure  loss  equivalent  to  volume  of  water  removed,  Arif 

•  Pressure  loss  due  to  sudden  contraction,  Ap5 

(i)  Expansion  Loss 

The  sudden  enlargement  from  orifice  (area  208  inch  ) 
to  the  duct  (area  720  inch2)  is  estimated  to  produce  a  loss  equal  to  5^  of 
the  gage  pressure  of  incoming  gas 

Apx  -  (22.7  -  1U.7)  0.05  -  o.4  psi 

(ii)  Packed  bed  friction  loss 

Bed  thickness,  including  the  coils,  is  used. 

Go  -  420  lb/(ft2)(hr) 


iT-*V  . 


(f/Ff)  -  0.052^10) 

Ap2  -  0.32  pel 

(ill)  Cooling  Coils  Friction  Loss 
Vjjy,  -  0.5  ft3 
Sy  -  26.9  ft2 
DgV  -  0.0?46  ft, 

(Sl/StJO.o  «  1.5 

f  «  0.003^ 

Ap3  *  0,003  nsi  (negligible) 

(iv)  Loss  Equivalent  to  Volume  of  Removed  Water 

Assuming  all  water  is  removed  half-way  through 
the  bed,  the  total  gas  pressure  at  this  point  is 

P  -  22.7  -  (0.4  ♦  0.5  X  0.32  +  0.003)  •  22.14  psia 

Total  gases  entering  drier  *•  1.20301  lb-moles/min 

Water  to  be  removed  «  0.05088  lb-moles/min 

Ap*  -feigr  *  ■  °-i» f1 

(v)  Contraction  Loss 

The  sudden  contraction  from  duct  to  the  outlet  pipe 
is  estimated  to  produce  a  pressure  loss  equal  to  of  the  gage  pressure 
of  the  gas  reaching  the  outlet: 

p  -  22.7  -  [14.7  +  (0.4  ♦  0.32  ♦  0.94)3  -  6.34  psig 

Aps  -  0.04  z  6.34  -  0.254  psi 

(vi)  Total  Loss  in  the  Duct  - 

The  losses  due  to  the  presence  of  the  two  screens 
and  the  filter  were  not  calculated  because  they  are  negligible. 


Apt  -  0.4  +  0.32  +  0.003  +  0.94  ♦  0.254  -  1.917  p«i  2.0  pal 


.*.  Pdry  bg  *  22 *7  “  2.0  -  20.7  psia 


P.  __  leaving  drier  »  20.7  psla 
ary  bu 


The  discussion,  with  regard  to  the  BG  pressure  leaving 
drier,  in  Appendix  H,  is  valid  in  the  present  case,  and  is  not  repeated 
here. 


6.  Weight 
(a)  Drier 

Hie  drier  is  made  of  aluminum,  except  for  the  screens. 


Duct  vails  are  assumed  to  be  l/8  inch  thick. 

Weight  of  cuter  vails  (aluminum)  62  lb 

Weight  of  cooling  tubing  (aluminum,  223.6 

10.65  lb/bank) 

Weight  of  screens  (2)  17.4 

Weight  of  desiccant  530 

Dust  filter  3 


Total  836  lb 


(b)  Cooling  Water  Supply 

The  amount  of  cooling  water  per  flight  is  calculated  to 
be  155  lb  or  2.5  ft3.  A  small  heater,  to  prevent  the  water  from  freezing 
is  included. 


The  pressure  loss  suffered  by  the  water  in  the  drier, 
combustor,  and  the  lines  is  rather  small  (about  3.5  psi).  Engine  bleed 


air  is  available  at  least  at  24  psia. 
push  the  water  out  of  its  tank. 

Weight  of  Tank 
Weight  of  Heater 
Weight  of  Water 
Total 


Consequently,  air  can  be  used  to 

20  lb 
1 

176  lb 


4ll 


APFEHDIX  J 


EFFECT  OF  MOISTURE  CORTS3T  0? 
BALLAST  GAS  OH  SUB5TSTTM  WEIGHT 


TABLE  I-J.  BALLAST  GAS  MOISTURE  COIHENT  VS  SUBSYSTEM  WEIGHT 


Plane 

Useful 

Life, 

Rrs 

Temperature 
of  BG, 

*P 

Moisture 

Content, 

X&LZl* 

Subsystem 

Weight, 

lbs 

%  Weight 
Initial  Fue 

I  50 

150 

10 

4,640 

2.3 

ssr-rm 

50 

150 

4,600 

3,974 

2.0 

no  limit 

100 

68,400 

3,132 

1.6 

185 

150 

10 

8,229 

4.1 

SST-FP//2 

185 

150 

4,600 

5,769 

2.9 

no  limit 

100 

68,400 

3,429 

1.7 

73 

100 

10 

1,064 

6.4 

Tactical 

73 

100 

1,320 

961 

5.8 

no  limit 

85 

42,300 

757 

4.6 

146 

100 

10 

3,260 

2.2 

C-141 

230 

100 

1,320 

2,663 

1.8 

no  limit 

85 

42,300 

1,825 

1.2 

! 

s 

> 

t 


j 


4i4 


MOISTURE  CONTENT,  ppm  V/V 


FIGURE  l-J.  BALLAST  GAS  MOISTURE  CONTENT  vs,  SUBSYSTEM  WEIGHT 
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».  agbtract  *| 

The  feasibility  of  inerting  the  ullage  spaces  in  aircraft  fuel  tanks  via  a  | 

catalytic  combustion  technique  is  evaluated.  The  technique  utilizes  nitrogen 
from  the  surrounding  atmosphere  as  the  principal  component  of  the  ballast  gas 
admitted  to  the  tanks.  Free  oxygen  is  reduced  to  safe  levels  by  means  of  catalyzed 
reaction  with  a  small  fraction  of  the  aircraft  fuel.  Before  the  combustion  gases 
are  admitted  to  the  fuel  tanks,  the  water  content  is  reduced  by  condensation  and 
by  contact  with  a  desiccant.  Experiments  were  conducted  to  select  and  evaluate 
catalysts  for  the  combustion  reaction,  and  desiccants  for  water  removal.  Heat 
and  material  balances  were  prepared.  Experimental  and  literature  data  were  used 
for  conceptual  designs  of  inerting  equipment  that  would  provide  target  performance 
at  all  times  (including  powered  dives)  during  missions  typical  of  a  tactical 
aircraft,  a  military  transport,  and  the  SST.  Based  on  these  unoptimized,  preliminary 
designs,  it  was  determined  that  complete  inerting  protection  and  control  over 
the  water  admitted  to  the  fuel  tanks  can  be  provided  at  a  penalty  of  from  1.0)6 
(transport)  to  6.4)6  (tactical)  of  the  initial  fuel  weight.  These  figures  reflect 
industrial  plant  equipment  weights,  and  substantial  reductions  are  expected  through 
use  of  flightweight  equipment  of  optimized  design.  Recommendations  are  made  far 
further  study  and  development. 
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